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ABSTRACT 


A  non-atandard  mat  hod  -for  tha  alactroacoustic 
raci  procity  calibration  o-f  a  condansar  aicrophona  ia 
thaoratically  davalopad  and  axparimantal ly  aaployad  to 
calibrata  a  W.E.640AA  laboratory  atandard  aicrophona.  Tha 
avaraga  axparimantal  calibration  ao  obtainad  waa  found  to  ba 
in  abaoluta  agraaoant  Mith  a  praaaura  couplar  coapariaon 
calibration  of  tha  aama  aicrophona  aada  at  tha  National 
Buraau  of  Standarda  to  Mithin  an  axpariaantal  uncartainty 
(aigaa)  of  .03  dB  ovar  tha  fracfuancy  ranga  of  245  to  1470 
Hz  uaing  a  70  ca.  plana  wava  raaonant  cavity,  and  to  within 
an  axpariaantal  uncartainty  (aigaa)  of  .06  dB  ovar  tha 
fraquancy  ranga  of  735  to  1470  Hz  uaing  a  23  ca.  plana  wava 
raaonant  cavity.  Abova  1470  Hz,  tha  diffaranca  batwaan  tha 
raaonant  plana  wava  raciprocity  calibratlona  and  tha 
praaaura  couplar  coapariaon  calibration  incraaaad  linaarly 
with  fraquancy  to  a  (naximuai  of  .61  dB  at  5145  Hz. 

Baginning  with  thaory  pravioualy  publiahad  by  laadora 
Rudnick,  raciprocity  aquationa  for  tha  opan  circuit  voltaga 
racaiving  aanaitivity  ara  optimizad  for  axpariaantal 
aaaauraaanta  in  a  plana  wava  raaonant  cavity  to  includa  tha 
affacta  of  finita  aicrophona  coaplianca  and  tha 
non-adi abatic  boundary  conditiona.  Two  right  cylindrical 


plane  wave  resonant  cavities  of  different  dimensions  were 
constructed  to  provide  a  self  consistency  check  on  the 
method. 

A  preliminary  comparison  of  the  theory  for  a  free  field 
reciprocity  calibration,  a  pressure  coupler  reciprocity 
calibration,  and  a  plane  wave  resonant  reciprocity 
calibration  is  made  to  illustrate  the  common  physics 
pertinent  to  the  reciprocity  principle  that  underlies  the 
three  methods. 

Experimental  calibrations  based  upon  free  field 
reciprocity  were  made  alternately  with  plane  wave  resonant 
reciprocity  calibrations  to  provide  an  ongoing  experimental 
comparison  when  combined  with  published  diffraction  effects 
for  a  standard  mounting  of  a  W.E.640AA  laboratory  standard 
microphone.  The  National  Bureau  of  Standards  comparison 
calibration  was  based  upon  an  absolute  pressure  coupler 
reciprocity  calibration  and  was  obtained  shortly  after  the 
resonant  reciprocity  calibration  measurements  were 


complete. 
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I.  THE  PRINCIPLE  OF  ACOUSTICAL  RECIPROCITY 


IN  MICROPHONE  CALIBRATION 


A.  INTRODUCTION 

In  any  ■xparimant  raquiring  abaoluta  acoustic 
fflsasursmsnts  thsra  sxists  a  naad  -for  an  accurats  calibratsd 
standard  microphona,  or  its  aquivalant,  to  ba  usad  to 
diractly  maasura  acoustic  data  or  to  ba  usad  as  a 
sansitivity  ra-faranca.  Thm  primary  subject  of  this  pmpmr  is 
an  unconventional  method  for  obtaining  such  a  calibration  on 
a  standard  microphone.  First  dascribad  by  Isadora  Rudnick 
CRe-f.  13,  this  unconvantional  mathod  rasults  in  an 
acoustical  raci procity  prassura  calibration  o-f  a  standard 
tnicrophone.  It  is  unconventional  in  that  it  usas  a  plana 
wava  resonant  cavity  instead  o-F  a  free  field  or  a  small 
pressure  chamber  for  the  calibration.  The  method  of  plane 
wave  resonant  reciprocity  calibration  IRef.  13  has  been 
satisfactorily  employed  by  6.W.  Swift,  A.  Migliori,  S.L. 
Garrett,  and  J.C.  Wheatley,  to  calibrate  a  dynamic  pressure 
transducer  from  O  to  400  hertz  in  a  1-MPa  helium  gas.  The 
dynamic  pressure  calibration  so  obtained  was  experimentally 
verified  by  another  calibration  method  baued  upon  a  mercury 


manomet*r  to  Mithin  an  instrumantal  uncartainty  o-f  ona 
parcant  CRa-f.  21. 

Cony»nt2onaJ  mathods  -for  obtaining  acoustic  prassura 
calibrations  o-f  microphonas  ara  publishad  by  Tha  Amarican 
National  Standards,  Inc.  (ANSI)  CRa-f.  31,  and  includa 
prassura  couplar  raciprocity  calibration  and  -fraa  fiald 
raciprocity  calibration.  Thasa  two  acoustic  raciprocity 
fflicrophona  calibration  tachniquas  ara  wall  raportad  in  tha 
litaratura  CRa-fs. 4,5,6,7,8,9,10, 11 , 121. 

In  this  dissartation ,  tha  application  o-f  acoustical 
raciprocity  to  microphona  sansitivity  calibrations  will 
includa  theory  -for  all  thraa  typas  o-f  acoustical  raciprocity 
calibrations  and  »xp*rim»ntal  maasurawents  o-f  microphona 
sansitivity  basad  upon  plana  wava  rasonant  raciprocity,  -fraa 
fiald  raciprocity,  and  pressura-raci procity  calibration 
performad  in  a  closad  couplar.  Tha  couplar  calibrations 
provided  here  ware  performed  by  the  National  Bureau  of 
Standards.  Essential  to  the  derivation  of  the  general  theory 
for  a  plana  wave  resonant  reciprocity  calibration  is  a 
"microphona  that  faals  no  impressed  prassura"  CRaf.  11.  This 
dascribas  a  perfectly  rigid  microphone  for  which  the 
mechanical  impedance  is  infinite.  Hera,  the  finite 
impedance  of  the  microphone  is  included  and  a  correction  to 
the  plane  wave  resonant  reciprocity  calibration  is  predicted 
and  experimentally  verified  at  low  frequencies. 


Whan  calibrating  microphonas  in  a  gas  it  is  intarasting 
to  not  a,  and  will  ba  shown,  that  all  thraa  mathods  o-f 
acoustic  raci procity  calibration  requira  (to  within  a 
fflul tipi i cat iva  constant)  tha  fflaasurament  of  axpariaantal 
variablas  that  can  ba  axprassad  in  a  similar  way.  Thasa 
variablas  araj  a  voluma,  tha  fraquancy  of  sound,  tha 
baromatric  prassura,  the  ratio  of  specific  heats,  and  basic 
electrical  measuraments.  As  a  consequence  of  this  common 
descriptive  set,  acoustical  reciprocity  calibrations  are 
classified  as  primary  mathods  of  acoustic  microphone 
calibration  after  Bobber  CRef.  103,  where  a  primary  method 
is  defined  as  requiring  only  basic  measurements  of  voltage, 
current,  al metrical  and  acoustical  impedance,  length, 
mass<or  density),  and  time<or  frequency).  Secondary  mathods 
are  those  in  which  a  microphone,  or  some  other  reference, 
has  been  calibrated  by  a  primary  method  and  is  used  as  a 
reference  standard. 

To  appreciate  the  impact  that  acoustical  reciprocity 
calibrations  have  had  upon  acoustical  science,  it  is  useful 
to  review  the  history  of  acoustical  reciprocity  in  the 
context  of  historical  attempts  to  measure  acoustic  pressure, 
particle  displacement,  and  particle  velocity. 


B.  HISTORY 


Th«  acoustical  roci procity  principla  was  introducsd 
-first  in  Lord  Ray  1  sigh's  <John  William  Strutt)  papsr  on 
"Sofflo  Gonoral  Thoorams  rolating  to  Vibration"CRef .  131  in 
1873.  In  that  papsr  hs  gavs  ths  -fol  losing  ax  amp  la  o-f 
raci procity  and  craditad  Halmholtz  with  a  proo-f  in  tha  casa 
o-f  a  uni-form  -fluid  without  -frictions 

“In  a  spaca  occupiad  by  air,  lat  A  and  B  ba 
two  sourcss  o-f  disturbanca.  Tha  vibration  axcitad 
at  A  will  produca  at  B  tha  sama  ralativa  amplituda 
and  phasa  as  i-f  tha  placas  wars  axchangad.  ” CRa-f . 

13s  p.  1811 

In  1877,  in  his  traatisa  on  Tha  Thaory  o-f  Sound  CRa-f.  141, 
Lord  Raylaigh  gava  as  an  axampla  o-f  tha  raciprocity  thaoram 
in  acoustics  tha  -followings 


“lot  A  and  B  bo  two  points  of  a  spaca  occupiad 
by  air,  botwoon  which  are  situated  obstacles  of 
any  kind.  Then  a  sound  originating  at  A  is 
perceived  at  B  with  the  same  intensity  as  that 
with  which  an  equal  sound  originating  at  B  would 
be  perceived  at  A.”CRaf.  14:  Vol  I,  p.  1341 


In  various  examples.  Lord  Raylaigh  applied  the  raciprocity 
principle  to  a  harmonic  transverse  force  and  a  resulting 
displacement  in  a  bar  CRaf.  14:  Vol  I,  p.  1531,  and  to 
periodic  electromotive  forces  and  the  resultant  currents  in 
electrical  circuits  CRef.  14:  Vol  I,  p.  1551. 
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Lord  Rayloigh  proposad  to  maasura  tha  acouatic  particle 
velocity  in  a  sound  -field  with  tha  "Raylaigh  disk"  in  1882 
CRa-f.  9i  p.  1481.  Whan  tha  thaory  -for  tha  par-formanca  o-f 
tha  Raylaigh  disk  was  sat  down  by  Koanig  CRa-f.  9t  p.  1481, 
it  bacama  widaly  usad  as  a  tool  in  acousti~al  maasuramants. 
Othar  invastigators  maasurad  tha  acoustic  particla  amplituda 
but  in  ganaral  thasa  tachniquas  yialdad  maasuramants  which 
wara  accurata  to  within  a  -faw  parcant  at  bast  CRa-f.  9i  pp. 
159-1601. 

A  primary  sourca  o-f  sound  was  invantad  by  Gwozdz  CRa-f. 
9:  p.  1691,  a  Russian  anginaar,  in  1907  whan  ha  usad  a  wira 
haatad  by  alactricity  as  a  sourca  of  sound.  This 
tharmophona  was  improvad  on  by  Langa  CRaf.  151  whan  ha 
invantad  a  tharmophona  with  substantial  acoustical  output  in 
1914.  H.  D.  Arnold  and  I.  B.  Crandall  CRaf.  161,  davalopad  a 
quantitative  theory  to  explain  the  workings  of  the 
thermophone,  and  both  S.  Ballantine  CRef.  171  and  E.C.  Wente 
CRaf.  181  improved  upon  the  theory.  The  thermophone  remains 
today  as  a  primary  sound  source  with  accuracies  on  the  order 
of  1  dB  re  IV/ubar  CRef.  9:  p.  1711.  In  1917,  developments 
in  the  field  of  vacuum  tube  amplifiers  with  thair  high  input 
impedance  made  tha  design  of  a  condenser  microphone  by  Wente 
CRef.  19]  practical.  The  first  calibration  of  Wente 's 
condenser  microphone  was  accomplished  using  a  thermophone  of 
his  own  construction  CRef.  191.  It  remained  for  MacLean 


CRs-f.  43  and  independantly ,  Cook  CRa-f.  53  to  -first  apply 
Rayl sigh's  rsci procity  thaoram  to  tha  alactroacoustic  system 
in  a  mannar  such  that  absoluta  acoustic  raciprocity 
calibrations  o-f  tha  racaiving  (and  transmitting)  sansitivity 
of  a  fflicrophona  Mora  obtainad* 

G.S.K.  Wong  and  T.F.W.  Emblaton  CRaf.  123,  hava 
predictad  tha  bast  accuracias  for  a  condansar  microphona 
calibration  to  data  using  tha  prassura  couplar  raciprocity 
calibration  mathod,  with  tha  uncartainty  o-^  tha  absoluta 
opsn  circuit  sansitivity  laval  axpactad  to  ba  lass  than  .005 
dB  ra  IV/ubar.  This  dissartation  will  thaoratical ly  and 
axparimantally  axplain  the  calibration  of  the  open  circuit 
receiving  sensitivity  obtained  with  tha  mathod  of  plana  wave 
rtsonmnt  reciprocity  for  a  standard  Western  Electric  640AA 


condansar  microphona 


Photograph  1 .  1  Sgin«_gf  _the_mi  crgBhones_uBed_i,n 
this_exgeri menti 

In  the  photograph  above,  a  W.E.640AA  one  inch  laboratory 
standard  condenser  microphone  is  shown  on  the  left,  in  the 
center  is  a  Knowles  type  BT  1751  subminiature  transducer, 
and  on  the  right  is  a  General  radio  type  1434  condenser 
microphone.  Both  the  W.E.640AA  and  the  6R  1434  condenser 
microphones  have  locally  made  electrical  connectors  for  BNC 
connectors  partially  visable  in  this  photo. 


C.  A  GENERAL  THEORY  OF  ACOUSTICAL  RECIPROCITY 


Prior  to  discussing  acoustical  reciprocity,  the 
•following  symbols  are  de-fined: 

-  velocity  potential  due  source  "A" 
velocity  potential  due  source  “B” 

-  acoustic  pressure  -field  due  source  "A" 

-  acoustic  pressure  -field  due  source  "B" 

“  acoustic  particle  velocity  due  source  "A" 

“Ug  -  acoustic  particle  velocity  due  source  "B“ 

Ly^  -  volume  velocity  o-f  source  "A" 

Ot  -  volume  velocity  o-f  source  "B'' 

-  equilibrium  density  o-f  acoustic  medium 


U>  _ 


angular  frequency  of  either  monofrequency  source 


£  -  open  circuit  receiving  voltage 

C  -  short  circuit  transmitting  current 

E  ~  general  term  for  impedance  [acoustic  or  electricaiJ 
rrio  -  open  circuit  receiving  sensitivity 
St  “  transmitting  sensitivity  (current) 

-  reciprocity  factor  (acoustic  transfer  admittance) 

-  ratio  of  specific  heats  for  the  acoustic  medium 

Jfg  -  ratio  of  specific  heats  for  medium  corrected  for 
non-adi abati c  boundary  conditions  and  for 
the  effects  of  relative  humidity. 

^  -  equilibrium  (ambient)  pressure 

-  cavity  volume  used  in  reciprocity  scheme 

^  -  acoustic  wavelength 
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-c 

<£>i 

Qn 

AC 

L 

Ao 

N 

h 

A 

Mh 


acoustic  phase  speed  in  unbounded  medium 

time  averaged  energy  density 

quality  -factor  o-f  the  Nth  resonance 

energy  dissipated  per  cycle 

length  o-f  cylindrical  plane  wave  resonator 

end  cross  sectional  area  o-f  cylindrical  plane  wave 
resonator 

the  mode  number  o-f  the  longitudinal  resonance 
-fundamental  -frequency  o-f  longitudinal  resonances 
frequency  <Hz> 

wavenumber,  equal  to  (2*pi )/ (wavelength) 

modal  wavenumber  <for  rigid  boundary  conditions  in 
the  ends  of  the  cylindrical  resonant  cavity,  equal 
to  (mode  number *pi )/( 1 ength  of  tube) > 


A  theory  of  passive  linear  electroacoustic  transducers 
was  developed  by  L.L.  Foldy  and  H.  Primakoff  in  a  two  part 
paper  published  in  1945  CRef.  203  and  in  1947  CRef.  213.  In 
their  theory,  the  pressure  and  normal  velocity  at  each  point 
on  a  transducer's  surface  and  the  voltage  and  current  at  a 
transducer's  electrical  terminals  were  shown  to  be  related 
by  a  set  of  linear  integral  equations.  Solving  the  wave 
equation  using  Green's  functions  for  the  medium  in  which  the 
transducer  was  immersed  and  using  the  equations  defining  the 
electrical  termination  of  the  transducer,  they  showed  that 
the  behavior  of  a  transducer  could  be  completely 


characterized  in  terms  of  four  parameters. 


These  four 


paramctars  war*  shown  to  be:  the  voltage  across  the 
electrical  terminals  o-f  a  transducer,  the  current  -flowing 
into  these  terminals,  the  acoustic  pressure  at  any  point  on 
the  surface  of  the  transducer,  and  the  normal  velocity  of 
the  surface  at  every  point  on  the  face  of  the  transducer 
CRef.  203.  In  part  II  of  the  paper,  L.L.  Foldy  and  H. 
Primakoff  developed  the  conditions  necessary  for  the 
validity  of  the  electroacoustic  reciprocity  theorem  in  a 
wide  variety  of  physical  systems.  They  found,  that. 


"transducers  possessing:  electrostatic 
coupling  only,  or  electromagnetic  coupling  only, 
obey  the  'reciprocity  relations'  providing  that 
the  polarizability,  the  susceptibility,  the 
Hooke's  law,  and  the  conductivity  tensors  are 
symmetric;  on  the  other  hand,  transducers 
possessing  piezoelectric  coupling  only,  or 
magnetostricti ve  coupling  only,  demand  in  addition 
(for  the  satisfaction  of  the  'reciprocity 
relations'),  the  equality  of  the  direct  and 
inverse  piezoelectric  and  magnetostricti ve 
coupling  tensors.  The  symmetry  and  equality  of 
the  tensors  under  discussion  is  always  satisfied 
at  sufficiently  low  frequencies;  whether  or  not  it 
holds  in  general  depends  on  the  detailed  physical 
mechanism  of  the  medium  and  of  its  electroacoustic 
coupling,  in  particular,  on  whether  or  not 
dissipative  phenomena  of  the  'relaxation'  type  are 
present ..." CRef .  211 


The  four  parameter  transducer  description  of  L.L.  Foldy  and 
H.  Primakoff  is  used  for  a  condenser  microphone  in  this 
paper . 

To  demonstrate  resonant  reciprocity  in  a  cavity, 


consider  the  volume  shown  in  figure  1.1.  The  walls  are  rigid 


and  there  are  two  reciprocal  transducers  -flush  mounted  m 
the  walls.  In  the  ensuing  discussion  each  transducer  will 
be  used  alternately  as  a  sound  source  and  as  a  sound 
recei ver . 


END  AREA  =  Ao 


MIC  "A" 


CYLINDRICAL 
PLANE  WAVE 
RESONATOR 


LENGTH  =  L 


MIC  "B" 


Figure  1.1  Cavity_w^th_r  i.gi.d_wail_s_intg_which_sound_is 
grojected^ 

When  the  sound  fields  witnin  the  cavitv  are 
1 rrotat 1 onal ,  the  acoustic  particle  velocity  is  given  by  the 
gradient  of  the  velocity  potential.  Following  Kinsler, 
Frey,  Coppens,  and  Sanders  CRef.  11;  p.l651,  we  apply  a 
vector  identity  to  the  two  velocity  potentials  associated 


with  the  two  sources  to  obtain, 


wh«r«  N  is  tha  unit  vactor  normal  to  tha  surfaca.  Now,  if 
M*  opmrmt*  both  sour.cms  at  tho  saaa  froqutncy^ 


Equation  1.5 


and. 


Equation  1.6 


upon  subatituting  aquations  1.5  and  1.6  into  aquation  1>4, 
wa  obtain. 


Suft-?f<£ 


Vo\ .  '  *  Equation  1.7 


and  on  tha  la-ft  si  da  o-f  aquation  1.4,  all  that  ramains  is 
tha  intagral. 


^  N  as  =  o 


Equation  1.8 


iL 


Tha  acouatic  particla  valocity  and  tha  acouatic  valocity 
potantial  ara  ralatad  by. 


Equation  1.9 


and  -froffl  tha  linaarizad  Eular  aquation  in  a  madium  with 
conatant  danaity,  Ma  hava, 


Equation  1.10 


Nom,  prior  to  aubatituting  aquationa  1.9  and  1.10  into 
Equation  1.8,  i-f  wa  conaidar  tha  intagral  in  aquation  1.8  to 
conaiat  o-f  ona  portion  ovar  tha  rigid  walla  and  tha  othar 
portion  ovar  tha  aurfacaa  of  each  aimpla  sourca  expoaad  to 
tha  inaida  cavity  voluma,  equation  1.8  can  be  aimplified. 


SoufJces 


Equation  1.11 
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Since  the  normal  component  of  the  particle  velocity  is  zero 
at  the  rigid  walls,  the  integral  over  the  surface  of  the 
walls  is  zero  and  we  are  left  with  the  integral  over  the 
exposed  faces  of  the  transducers.  For  harmonic  veloci  ty 
potentials,  equations  1.9  and  1.10  are  substituted  into 
equation  1.8  where  we  obtain, 


SoueCB 


With  the  definition  of  the  following  parameters, 

Pab(r)  =  pressure  at  “A"  when  "B"  is  transmitting  as  a  function 
of  position,  r,  on  As  surface. 

PbaCr)  =  pressure  at  "B"  when  "A"  is  transmitting  as  a  function 
of  position,  r',  on  B's  surface. 

uafr>  =  velocity  of  the  "face"  of  source  "A"  as  a  function 
of  position,  r. 

ub(r  )  —  velocity  of  the  "face"  of  source  "B"  as  a  function 
of  posi 1 1  on ,  r  ' . 

And  provided  the  acoustic  pressure  over  the  face  of  the 
transducer  acting  as  a  receiver  is  uniform,  we  are  able  to 
write  the  following  form  of  the  statement  of  acoustic 


reel proci ty; 


Source 

U  f«fc  ** 


ioa^ 

"a'’ 


Equat 1  on 


1.  13 


Mhen  only  simple  sources  are  involved  and  each  integral  of 
the  normal  component  of  the  velocity  over  the  face  of  the 
source  is  replaced  by  the  respective  volume  velocity  this 
becomes, 


Equat ion  1.14 


This  IS  analogous  to  Rayleigh's  statement: 

"....the  vibration  excited  at  A  will  produce 
at  B  the  same  relative  amplitude  and  phase  as  if 
the  places  were  exchanged. " CRef .  13J 


The  principle  of  acoustic  reciprocity  will  now  be  applied  to 
electroacoustic  transducers  so  that  we  can  obtain  what  is 
termed  a  reciprocity  calibration  of  the  microphone  open 


circuit  receiving  sensitivity. 


D.  ACOUSTIC  RECIPROCITY  CALIBRATIONS  OF  MICROPHONE  SENSITIVITY 


1 .  general _ Acgust  j^c _ R®£iEC9Eity _ Qili^rat  i  on _ of 

Electrgacgustic  Transducere 

When  we  describe  the  general  properties  o-f  a  simple 
source  it  is  o-f  ten  correct  to  consider  the  simple  source  as 
a  linear  two  port  electroacoustic  network  CRe-f.  201, 


Figure  1.2  ilectrg-Acgustic_Twg_Pgrt_Netwgrki 

From  Foldy  and  Primako-f-f  CRe-fs.  20,  213,  the  equations 
describing  the  relationship  between  the  open  circuit 
receiving  voltage,  e,  the  pressure  at  the  receiver  surface, 
p(r),  the  transmit  current,  i,  and  the  transmitter  normal 
velocity,  un(r)^  at  the  face  of  the  transducer  are. 


.  =  rZgll  +  J 

>=[-h(?)TL  4 


Equations  I.IS 


Ths  rsci  procity  rslations  that  ara  rsquirsd  o-f  any 
transducsr  ussd  in  a  raci procity  calibration  ara  CRa-f.  21  li 


-■ 


oC  -Puwc^  ^orJ  / 

tJoT  Aep  u^oM  r  • 


--  a  ( '") 


Equations  1.16 


Tha  variablas  usad  abova  ara  d»finad  by  L.L.  Foldy  and  H, 

Prifflako-Ff  to  ba  CRa-F.  213  s 

Zb  «  tha  blockad  alactrical  impadanca  o-F 
tha  transducar 


h  (r ) 


tha  spaakar  trans-Far  impadanca 


h'<r')  *  tha  microphona  trans-Far  impadanca 

Z(r,r')  «  tha  ganeralizad  opan  circuit  normal 
acoustic  impadanca  o-F  tha  transducar 
sur-Faca. 


Tha  -First  aquation  simply  statas  that  tha  spaakar  trans-Far 
impadanca  and  tha  microphona  trans-Far  impadanca  ara  aqual  in 
magnituda  and  tha  phasa  angla  batwaan  tham  is  the  same  at 
all  points  o-F  the  transducer  surface. 


Wh»n  •quations  1  15  arm  racast  in  matrix  form,  h<r)  and 
h'(r')  arm  equal  to  Z21  and  Z12  respectively,  the 
generalized  acoustic  impedance  is  constant  over  the 
transducer's  sur-face  and  is  replaced  with  Z22,  the  integrals 
of  the  normal  velocity  over  the  transducer  surface  are 
replaced  by  the  volume  velocity  U,  and  Zb  is  replaced  with 


Equations  1.17 


In  particular,  with  the  voltage-pressure  and  current-volume 
velocity  formulation  shown  above,  if  Z12  equals  ('f,-)Z21 
then  the  transducer  is  said  to  be  a  reciprocal (f >  or  an 
anti  reciprocal (-)  transducer  CRef .  223.  The  impedances  are 
now  described  by: 

Zll  ■  open  circuit  voltage  /  short  circuit  current 

Z12  -  open  circuit  voltage  /  volume  velocity 

Z21  «  received  acoustic  pressure  /  short  circuit  current 

Z22  «  received  acoustic  pressure  /  volume  velocity 


When  two  such  transducers  are  connected  by  an  acoustic 


medium,  a  four  port  network  will  represent  the  system. 


Figure  1.3  Four  _Pgrt_El_ectrg-Acgustic_Net  work 

I-f  we  choose  all  the  receiving  sensitivities  to  be  the  open 
circuit  voltage  receiving  sensitivities  and  all  the 
transmitting  sensitivities  to  be  the  current  transmitting 
sensitivities,  we  have  the  following  definitions: 

Equation  1.16 

Equation  1.19 


Pa 

Sa-- 


ri6=  ^Vf3 


Equation  1.20 


TTT* 


Equation  1.21 


Dividing  equation  1.18  by  1.19  we  obtain, 


_ 

Sp.  ' 

and  dividing  equation  1.20  by  equation  1.21,  we  obtain, 


e4  l-f 

■"  '  '  n  _  Equation  1.23 
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Where  we  de-fine: 

el  =  open  circuit  voltage  at  port(l)  when  transducer  "&" 
IS  transmitting. 

il  =  input  current  at  port ( 1 )  when  transducer  "A" 
is  transmitting. 

P2  =  acoustic  pressure  at  port (2)  when  transducer  "B" 

IS  transmitting. 

P3  =  acoustic  pressure  at  port<3)  when  transducer  "A" 

IS  transmitting. 


el  i-l 

-  __  Equation  1.22 

PA  P2) 


e4 


open  circuit  voltage  at  portk4)  when  transducer  "A" 
IS  transmitting. 


i4 


input  current  at  part<4)  when  transducer  "B" 
IS  transmitting. 


Now,  if  both  of  the  tr  ansducer  s  and  the  medium  are 
"reciprocal" ,  meaning  that  Z12=Z21,  Z23=Z32,  and  Z34=Z43, 
the  equations  representing  the  reciprocal  system  are, 


"  Li 

Equations  1.24 


)4 


RECIPROCAL  ELECTRO¬ 
ACOUSTIC  SYSTEM 


Figure  1.4  Recigroca^_Eiectr a-Acgustic_Sy5tem 

By  de-finition,  el  and  il  do  not  coexist  in  time.  Similarly, 
e4  and  i4  do  not  coexist  in  time.  Thus  if  1  receives  when  4 


transmi ts , 


Equation  1,25 


£1= 


and  when  1  transmits  and  4  receives. 


I-f  the  network  described  by  equation  1.22  is  reciprocal  or 
antireciprocal,  then  Z14  =  (+-)  Z41so  that, 


This  IS  the  electrical  analog  o+ 
acoustical  reciprocity  CRet.  141. 
equations  1.22  and  1.23  we  obtain. 


Rayleigh's  statement  ot 
Substituting  this  into 


E  quat 1  on 


Va  and  Vb  are  the  open  circuit  receiving  voltages  o+ 
transducers  "A"  and  "B"  respectively  when  the  third  separate 
sound  source  is  transmitting.  Equations  1.29  and  1.30  yield 
two  expressions  for  Ma  which  we  multiply  together  to  obtain 
the  square  of  the  open  circuit  receiving  sensitivity  for 
transducer  A. 


Equation  1.31 


Applying  the  definitions  of  Sa  and  Mb  found  in  equations 
1.19  and  1.20,  we  obtain  the  solution  for  the  open  circuit 
receiving  sensitivity  for  microphone  "A". 


Va  ^ 

TT 


Equat 1  on  1 . 32 


Using  a  similar  procedure  for  transducer  "B"  we  obtain, 


M  ~  r  0-  \/  A  ^  / 


Equat ion  1 


If  thB  voltages  and  currants  in  equations  1.32  and  1.33  can 
bo  measured,  the  only  parameter  remaining  to  be  calculated 
in  order  to  obtain  a  complete  solution  for  the  receiving 
sensitivities  Ma  and  Mb  is  the  reciprocity  factor,  "J”.  The 
physical  meaning  of  the  reciprocity  factor  "J"  will  be 
explained  in  the  next  section. 


2 .  GenTal  Detarmi nation  o-f  Th»  Reciprocity  Factor, 


Whan  the  dimensions  of  the  reciprocity  -factor,  "J"  are 
considered,  we  -find  that  it  can  be  interpreted  as  having 
dimensions  o-f  volume  velocity  over  pressure.  This  is  an 
acoustic  admittance.  A-ftar  Rudnick  CRa-f.  11,  we  proceed  to 
determine  the  solution  -for  the  reciprocity  factor  by 
considering  as  our  reversible  transducer  one  that  is  small 
compared  to  a  wavelength,  and  is  so  noncomp li ant  that  its 
introduction  at  a  point  in  the  sound  field  never  alters  the 
sound  pressure  at  that  point.  By  the  same  token,  when  used 
as  a  speaker  its  volume  velocity  is  independent  of  the 
acoustic  load.  Let  both  transducers  be  identical  and  of 
this  type.  The  restriction  that  they  be  identical  can  be 
lifted  trivially  by  the  introduction  of  a  third  receiver  as 
was  done  previously  in  the  development  of  equation  1.30.  For 
"A"  transmitting  and  "B'*  receiving  we  obtain,  using 
equations  1.17  for  transducer  "A”, 


ei 

o 


Equations  1.34 


The  second  equation  has  a  zero  on  the  left  because  there  is 
no  impressed  pressure  and  the  ideal  transducer  does  not  feel 
the  pressure  that  is  self  generated.  For  transducer  "B"  we 
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have, 


P3  =  lyio]  +•  233 


Equation  1.35 


since  we  have  identical  transducers  in  this  example, 


-  M 

(“3  ■  ®  ^  ia.!.  233 


Equation  1.36 


and. 


s.-- 


LL 

ii 


Equation  1.37 


Me  solve  the  second  equation  in  1.34  -for  the  current,  il. 


Li  = 


-  U3 


ua 


Equation  1.38 


Substituting  the  result  for  il  into  equation  1.37  and 


manipulating  the  terms,  we  obtain  equation  1.39  and  thereby 


have  shoMTi  that  the  reciprocity  factor  "J"  is  the  acoustic 
transfer  admittance . 


63^ 


Equation  1.39 


Since  the  acoustic  transfer  admittance  depends  upon  the 
medium  through  which  the  acoustic  signal  moves,  and  on  the 
boundaries  of  this  medium,  the  solutions  obtained  for  the 
microphone  voltage  receiving  sensitivities  will  only  be 
valid  if  the  medium  and  its  boundaries  are  unchanged  over 
the  duration  of  the  experimental  measurements. 

When  setting  out  to  calculate  an  analytical  form  for  the 
reciprocity  factor,  different  geometries  of  the  medium 
between  the  two  transducers  will  result  in  apparent 
differences  in  the  forms  found  for  "J",  However,  as 
mentioned  earlier,  it  is  important  to  note  that  (to  within  a 
multiplicative  constant)  all  of  these  solutions  for  "J"  tuill 
hat/e  the  same  form;  The  product  of  a  volume  and  a  frequency 
divided  by  the  adiabatic  bulk  modulus  of  elasticity  for  the 
medium.  To  show  this,  three  different  "volumes"  as  shown  in 
figure  1.1  will  be  utilized.  For  a  gas  medium,  the 
adiabatic  bulk  modulus  is  expressed  as  the  product  of  the 


barometric  pressure  and  the  ratio  o-f  specific  heats.  Short 
descriptions  of  the  dimensions  involved  in  these  different 
physical  environments  follow: 

Volume  1:  All  dimensions  are  much  smaller  than 
the  acoustic  wavelength  CRefs.  3,  9,  123. 


Volume  2:  Free  field  CRefs.  4,  5,  7,8,  9,  10, 

in. 


Volume  3:  One  dimension  is  greater  than  or 
equal  to  half  an  acoustic  wavelength  with  the 
other  two  dimensions  smaller  than  an  acoustic 
wavelength  (cylindrical  cavity)  CRefs.  1,23. 


The  solutions  to  be  obtained  for  "J"  in  the  next  section 


will  allow  the  equations  for  ha  and  Mb  to  be  defined  in 
terms  of  basic  electrical  and  physical  measurements. 


a.  Tha  Calculation  of  “J”  -for  a  Prassura  Couplar 
Raci procity  Calibration 

For  all  di mansions  much  small ar  than  an  acoustical 
wavslangth,  "voluma  1“  in  tha  pravious  saction,  tha 
magnituda  and  phasa  o-f  tha  prassura  Mill  ba  assantially  tha 
sama  avarywhara  within  tha  cavity.  Using  tha  adiabatic  -form 
o-f  tha  idaal  gas  law. 


Equation  1.40 


wa  taka  tha  natural  log  o-f  both  si  das  and  di-f-farantiata, 


4^  +  /  ^  ^  o 
y  v 


Equation  1.41 


If  tha  acoustic  prassura  is  harmonic  then  it  can  be  written 

as, 

J'-n't 

aiP  =  -f  =  To  e 


Equation  1.42 


then  considering  the  change  in  acoustic  pressure  witn 
respect  to  time, 


Equation  1.43 


Recognizing  that  the  volume  velocity  may  be  expressed  as  the 
time  rate  of  change  of  the  volume  Me  can  write  the  time 
derivative  of  equation  1.41  as, 


f 

6^, 


=  o 


Equation  1 . 44 


consequent! y , 


Equation  1 . 45 


This  is  the  reciprocit/  factor  for  a  "small"  cavity. 


Without  any  manipulation  it  is  seen  to  follow  the  general 


than  balOM  this  -fraqusncy,  only  longitudinal  (or  plane  wave) 


resonances  can  occur.  For  a  cavity  with  rigid  walls  and 
ends,  the  pressure  -field  within  the  resonant  cavity  is  given 
by  I 


uJ^ 


Equation  1.52 


Here,  JoiO  refers  to  a  cylindrical  Bessel  -function  and  not 
to  the  reciprocity  -factor. 

From  Morse  CRe-f.  22*  p.3983,  the  ratio  o-f  the 
fundamental  azimuthal  mode  to  the  fundamental  longitudinal 
mode  is  found  to  be  .586  times  the  length  to  radius  ratio  of 
the  cylindrical  cavity.  The  ratio  of  the  fundamental  radial 
mode  to  the  fundamental  longitudinal  mode  is  found  to  be 
1.22  times  the  length  to  radius  ratio  of  the  cylindrical 
cavity.  A  photograph  of  the  cylindrical  plane  wave  resonant 
cavity  used  to  experimentally  observe  the  different  resonant 
modes  is  shown  next.  All  three  different  modes  are  then 
seen  in  figure  1.6,  as  a  relative  plot  of  the  microphone 
voltage  output  vs  frequency.  A  Knowles  Type  BT-1751 
subminiature  transducer  acted  as  the  microphone  and  was 
mounted  on  the  curved  wall  of  the  23.3  cm  long  cylindrical 


cavity  shown  in  ths  photograph.  Thm  sourcs  was  a  W.E.640AA 
condsnssr  microphons,  Ssrlal  #1248,  mountad  on  ons  and. 


RliLATIVM  AMPLITUDE 


Next,  the  equation  o-f  continuity  o-f  mass,  written  to  -first 
order  in  the  acoustic  density,  is  multiplied  on  both  sides 
by  the  acoustic  pressure. 


f  -- 


Equation  1,54 


adding  equations  1,53  and  1.54  we  have. 


this  equation  can  be  rewritten  as, 


Equation  1 . 55 


Equat ion  I . co 


This  is  an  equation  of  continuity  for  energy  density.  The 
terms  in  the  leftmost  bracket  are  the  kinetic  energy  censity 
and  the  potential  energy  density  respectively.  The  prodLiCt 


soHOce 

PACE 


Equation  1.S9 


Taking  th«  avarag*  ovar  ana  cycla  yialda* 


Hara  wa  hava  obtainad  tha  incramantal  changa  par  cycla  o-f 
tha  plana  wava  anargy  within  tha  cavity  dua  to  tha  work  par 
cycle  done  by  the  source  microphone. 


Equation  1.61 


Within  the  cavity,  the  energy  dissipated  per  cycla  equals 
tha  work  dona  par  cycla  to  drive  the  source  when  a  steady 
state  longitudinal  resonance  is  maintained.  Thus,  the 
changa  in  tha  total  plane  wave  energy  available  above  as  a 
result  o-f  the  average  work  done  by  the  source  over  one  cycle 
must  be  the  energy  input  per  cycle  required  to  sustain  the 
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plan*  wava  raaonanca.  Har*  tha  anargy  disaipatad  par  cycle 
is  ax  pressed  in  terms  o-f  th*  source  pressure,  the  source 
volume  velocity  and  tha  sound  frequency. 


If  tha  velocity  of  the  driving  face  is  considered  to  be 
harmonic  and  if  tha  acoustical  system  being  driven  is  at  a 
longitudinal  resonance,  than  th*  acoustic  impedance  at  th* 
source  is  purely  resistive  and  tha  particle  velocity  and 
acoustic  pressure  are  in  phase  at  tha  face  of  tha  driving 
transducer.  In  this  case  we  have. 


Nom  the  energy  per  cycle  required  to  sustain  tha  resonance 
can  be  written  as. 


Equation  1.63 


Tha  terms  for  energy  density  found  in  aquation  1.S6  can 
now  be  used  to  calculate  the  total  acoustical  energy  found 
within  the  cavity.  Consider  a  differential  volume  of  length 


dx  and  cross  sactional  arsa  squal  to  that  of  ths  cylindsr 
locatsd  at  position  "x"  within  ths  tubs. 


Figurs  1.7  Pi  f f srsnt j  al  vol  urns  undsr_eonsi^dsrat j^on 

For  rigid  ends,  the  pressure  standing  waves  due  to 
longitudinal  resonances  within  the  cavity  are  given  by, 

jMit 

'Pto')  =  '?» 

^  Equation  1.64 


From  the  linearized  Euler  equation  in  a  medium  with  constant 
density  we  have. 


^  ^  =  -vr 

lo  it 


Equation  1.65 


Taking  minus  the  gradient  of  equation  1.64  we  obtain. 


uJut 


Equation  1.66 


Substituting  into  equation  1.65  and  solving  for  the 
derivative  of  the  particle  speed  with  respect  to  time. 


^  Sin 

f. 


j  uJm'V 


Equation  1.67 


Integrating,  we  obtain  the  acoustic  particle  speed. 


A  L  J 

J  \o 


Equation  1 . oS 


Keeping  the  real  part  of  the  comple><  acoustic  particle  speed 
we  have. 


Co 


Equation  1.69 


From  equation  1.64  the  real  part  of  the  complex  acoustic 
pressure  is, 


Equation  1.70 


n 


The  total  mechanical  energy  within  the  differential 
volume  shown  is  the  sum  of  the  differential  kinetic  energy 
and  the  differential  potential  energy  contained  within. 


■J-  v\* 

r. 

‘.-■.v-'.i 

V  ^ 


dEr  -  <i 


Equation  1.71 


The  differential  kinetic  energy  from  equation  1.56  is  given 


Equati  on  1.7; 
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.V  .■ 

.■'  -.\n-  ■ 


•  ^  *  k  •  V 


and  the  differential  potential  energy  from  equation  1.56  is 


given  by, 

jc  - 

44.e.  “ 


Equation  1.73 


Combining  equations  1.69,  1.70,  1.72  and  1.73,  tne 
differential  of  the  total  mechanical  energy  of  the  standing 
waves  within  the  small  slice  of  volume  is  obtained. 


Integrating  over  the  cavity  volume  we  obtain  the  iritegral 
form  of  the  total  mechanical  energy  within  the  plane  wave 
resonant  cavity, 

^  Equation  1.75 


For  rigid  ends  within  the  plane  wave  cavity,  the  modal  wave 
number  is. 


Equation  1.76 


Upon  substitution  into  equation  1.75  and  integration  we 


obtain , 


?.^AoV. 

^CccJ' 


Equation  1.77 


Using  the  root  mean  square  value  for  the  acoustic  pressure. 


p  _  A  0  L 

""  d-  Co  C 


Equation  1.78 


Where  "Q"  is  the  quality  factor  of  the  plane  wave 
longitudinal  resonance  we  have  CRef.  11 J, 


arr 


:quat ion  1.79 


Inammuch  as  ths  quality  -factor  -for  ths  Nth  resonanca  is 
dimonsionlsss  and  is  computsd  from  a  sat  of  basic  alactrical 
maasuramants  at  fraquancias  in  tha  vicinity  of  rasonanca,  wa 
hava  onca  again  tha  ganaral  form  givan  aarliar  for  "J". 

Tha  complata  raprasantation  of  tha  raci procity  aquations 
which  may  bo  considorad  for  oxporimantal  implomantation  in 
all  thrao  difforont  goomotrias  will  naxt  ba  summarizod. 


3 •  A  Summary  o-f  The  Thr»»  R»ci procity _ Mgt hod s _ QS!DB3Cgd _ in 

This  Exporimont 


a.  Plans  Wavs  Resonant  Reciprocity  Calibration 
For  the  case  of  the  plane  save  resonant  cavity 
reciprocity  calibration,  we  can  combine  equations  1.32  and 
1.82  to  obtain. 


M  = 

/ 

TT  Vo  -fw 

\  . 

lU 

'Ll- 

Va 

IPo  V 

1  Equation  1.83 

This  is  the  initiml  form  of  the  solution  for  the  open 
circuit  voltage  receiving  sensitivity  found  using  the  plane 
wave  resonant  reciprocity  method  of  microphone  calibration. 
In  chapter  II,  the  difficulties  associated  with 
experimentally  obtaining  the  required  measurements  of  the 
basic  electrical  and  physical  parameters  used  in  the  above 
equation  will  be  addressed. 
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b.  Fra*  Fiald  Raciprocity  Calibration 

For  tha  casa  o-f  tha  -fraa  fiald  raciprocity  calibration, 
aquations  1.32  and  l.SO  yiald. 


IV\  - 

VA 

r\^  “ 

(  Li 

Vb 

-) 

Equation  1.84 

This  is  tha  solution  -for  raciprocity  calibration  that  was 
initially  obtained  by  W.R.  MacLaan  CRa-f.  41  and 
independently  by  R.K.  Cook  CRa-f.  51  in  1940. 


II.  experimental  CONSIDERAJIDNS  FOR  A 
resonant  REQiPROCIIY  CALiBRATIQN 

A.  INTRODUCTION 

The  -form  o-f  the  equations  derived  in  Chapter  I  -for  the 
microphone  open  circuit  voltage  receiving  sensitivity  -found 
using  the  method  o-f  plane  wave  resonant  reciprocity  was  not 
optimized  -for  experimental  implementation.  Consider  the 
■following  equations; 

,  r  \ 

/  e4  Va  ^  V  d  ^ 

Equa"i ons  2. 1 

_  (  ei  Vft 

'  'fe  ■  \  Vfr  ifoV  qh  I 

To  reduce  the  amount  of  experimental  erro""  introduced  b/  '.he 
method  of  the  experiment,  it  is  useful  to  consider  the 
impact  of  practical  considerations  upon  tfie  analytical  form 
of  equations  2.1.  Therefore,  the  following  quesoiona  will  be 
addressed  in  this  chapter: 

I . 


How  can  the  ratio  Va/Vb  best  be  measured  to  reduce 
experimental  error"' 


2. 


How  can  a  self  consistency  check  on  the  experimental 
results  be  incorporated  into  the  experiment? 

Is  it  possible  to  reduce  the  number  of  basic  electrical 
measurements  experimental  1 y  made? 

4.  What  is  the  correction  required  in  the  experimentally 
obtained  value  for  the  open  circuit  voltage  receiving 
sensitivity  as  a  result  of  the  non— ideal  character  of 
the  compliant  microphones  used  in  the  experiment? 

Additionally,  the  experimental  measurement  of  the  quality 
factor  of  the  nth  resonance  can  be  very  difficult  to  obtain 
with  any  accuracy.  Only  with  the  experiment' under  computer 
control  using  a  technique  such  as  that  developed  by  D.V. 
Conte  and  S.L.  Garrett  CRef.  231  or  by  J.B.  Mehl  CRef ,  241 
is  this  source  of  error  reduced. 

With  these  considerations  in  mind,  we  will  proceed  in 
the  development  of  the  equations  required  to  experimentally 
measure  the  open  circuit  voltage  receiving  sensitivity  of  a 
microphone  using  the  method  of  absolute  plane  wave 
reciprocity  calibration. 


B.  DEVELOPMENT  OF  THE  EXPERIMENTAL  PLANE  WAVE  RECIPROCITY 

EQUATIONS  USING  CYLINDRICAL  GEOMETRY 

^ •  ExPTimantal  ConaidTationa 

Whan  tha  mathod  to  ba  uaad  in  maaauring  tha  ratio  Va/Vb 
is  considarad,  two  basic  approachas  ara  possibla.  In  tha 
■first,  tha  voltaga  ratio  is  naasurod  as  an  axparimantal 
avent  uniqua  unto  itsal-f.  Tha  -final  rasult  is  tha  ratio 
Va/Vb.  Tha  di-f-f icul tias  associatad  with  this  axparimantal 
approach  ara  primarily  ralatad  to  tha  di-f-f icu'lty  to  ba  found 
in  tha  precise  repositioning  of  tha  microphonas  on  ona  and 
of  tha  rasonant  cavity  to  obtain  tha  sama  rafaranca  prassura 
ganaratad  by  a  sourca  at  tha  othar  end.  It  is  praferabla  to 
design  a  "hands-off  experiment  that  will  eliminate  the 
introduction  of  any  such  re-positioning  error  and  will  allow 
computer  control  of  all  tha  axparimantal  maasuramants 
including  those  used  to  determine  the  quality  factor,  Q. 
When  the  reference  source  is  mounted  at  a  third  port  in  the 
wall  of  the  resonant  cavity,  the  "hands-off"  experiment  is 
possible.  However,  there  already  exist  two  such  sources  of 
sound  within  the  resonant  cavity  in  the  form  of  the 
reciprocal  transducers  mounted  at  each  end.  An 

experimentally  productive  alternative  is  to  mount  instead,  a 
receiving  microphone  as  a  reference  in  the  third  port.  It 
will  be  shown  that  by  mounting  a  reference  microphone  in  the 
wall  of  the  resonant  cavity,  not  only  will  we  be  able  to 
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iriMsur*  tha  ratio  Va/Vb,  but  wa  can  also  also  obtain  a 
comparison  calibration  o-f  the  ra-feranca  microphone  and  a  six 
way  round-robin  sal-f  consistency  check  of  the  experimental 
precision  of  the  calibration  for  each  mode.  The 
calibrations  of  microphone  receiving  sensitivities  so 
obtained  will  be  as  follows! 

Ma  -  based  upon  absolute  plana  wave  reciprocity. 

Mb  -  based  upon  absolute  plana  wave  reciprocity. 

Mca  -  A  comparison  calibration  of  the  reference 

microphone  based  upon  the  absolute  reciprocity 
calibration  of  microphone  A. 

Mcb  -  A  comparison  calibration  of  the  reference 

microphone  based  upon  the  absolute  reciprocity 
calibration  of  microphone  B. 

Mab  -  A  comparison  calibration  of  microphone  A  based 
upon  the  absolute  reciprocity  calibration  of 
microphone  B. 

Mba  -  A  comparison  calibration  of  microphone  B  based  upon 
the  absolute  reciprocity  calibration  of  microphone  A 

The  modifications  required  for  equations  2.1  which  yield 
an  analytical  solution  for  resonant  plane  wave  reciprocity 
sensitivity  calibrations  and  which  use  a  reference  receiver 
mounted  in  the  wall  of  the  resonant  cavity  will  now  be 
derived. 

When  the  development  of  the  four  port  acoustical 
reciprocity  network  is  expanded  to  include  the  comparison 
microphone  mounted  in  the  side  of  the  cylinder,  some 
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modi -fi cations  to  ths  analytical  dsvslopmant  -For  tha  solution 
o-f  Ma  ara  nacassary.  Considar  figura  2.1  balow. 


:  V. 


f 


Figura  2.1  Modi-fiad  four  port  natwork. 

Tha  ralationships  betwaan  tha  racaiving  and  transmitting 
sansi ti vi tias  -for  tha  two  raciprocal  microphonas  mountad  on 
tha  ands  can  still  ba  reprasanted  as  ba-fora. 


=  3is  J 

Mb  =  S?,  J 


Equations  2.2 


« 


To  obtain  a  comparison  batwaan  transducar  "A"  and  transducar 
"B"  with  the  geometry  shown  above,  it  is  necessary  to  relate 
tha  prassure  at  the  -face  of  microphone  "C“  to  the  pressure 


at  each  end 


Thus,  when  "A"  is  transmitting 


PcA 


Equation  2.3 


and  when  "B"  is  transmitting. 


Vca 


Equation  2-4 


At  a  longitudinal  plane  wave  resonance,  the  rms  acoustic 
pressure  at  the  right  end  o-f  the  cavity  can  be  related  to 
the  rms  pressure  "-felt"  by  the  comparison  microphone,  witn  a 
pressure  standing  wave  correction  factor,  Glm),  wnich 
depends  upon  the  frequency  of  the  plane  wave  resonance,  and 
the  position  of  the  comparison  microphone  in  the  tude. 


The  pressure  standing  wave  correction  factor,  bl'n^  is 
olitained  oy  spatially  averaging  the  longitudiTai  -.ariations 


in  acoustic  prsssurs  at  a  plana  wavs  rssonancs  ovsr  ths  -facs 
of  ths  rafsrenca  microphons  assuming  ths  microphons 
sensitivity  is  independent  of  position  ovsr  the  facs. 

It  is  worth  noting  that  even  though  the  comparison 
calibration  of  ths  microphons  "C"  sensitivity  obtained  with 
the  previous  assumption  may  be  in  error,  this  assumption  has 
no  effect  upon  the  measurement  of  the  absolute  sensitivity 
of  microphones  "A"  and  "B“.  Refer  to  figure  2.2. 


Equation  2.6 


microphone 


Figure  2.2  Geometry  of  the  offset  microphone  used  in 


the  calculation  of  Gl<n). 


mounts  in  the  above  photograph  are  entirely  -functional  and 
were  used  in  preliminary  experiments  using  electret  and 
dynamic  microphones.  In  the  "short"  tube,  the  side  wall 
mounts  were  necessary  when  a  1/2  inch  microphone  was  used  as 
the  comparison  microphone. 

To  evaluate  the  relationship  between  the  pressures  at 
the  two  ends  o-f  the  resonant  cavity  consider  the  general 
solution  -for  standing  plane  waves  in  a  cylinder  driven  at 
the  le-ft  end  at  X=0  by  transducer  "A",  with  mechanical 
impedance  Zma,  and  terminated  at  the  right  end  at  X=L  by 
transducer  "B",  with  mechanical  impedance  Zmb.  The  acoustic 
pressure  in  the  cylindrical  cavity  can  be  represented  as  the 
superposition  o-f  a  le-ft  going  wave  and  a  right  going  wave 
and  will  then  be  o-f  the  -form, 

j  (u)t  J  (u,t  -  ACl-x^  ) 

P(xj-l')  =  Ae  4  B  e. 

Equation  2.7 


Figure  2.3  Scheme_u§ed_tQ_gbtai_n_cgmBarisgn_vgl_tageSi 


Equation  2.9 


e,  ^  ax 


We  can  use  the  definition  for  mechanical  impedance  to  solve 
for  the  ratio  of  A/B  in  equation  2.8.  For  the  microphone 
mounted  in  a  rigid  end,  the  mechanical  impedance  will  be  in 
general  , 


2  = 


-force- 


Equation  2.10 


which  upon  substitution  of  equations  2.7  and  2.9  into 
equation  2. 10  at  X  =  L,  becomes, 


/  S 
A  -  S 


Equa  1 1  or.  ,  1  1 


Where  Ab  is  the  cross  sectional  area  o*-  mi  crop;  .one  6. 
Solving  for  the  ratio  A/B  we  obtain. 


E.quat  ion  2.11 


Substituting  into  the  equation  -for  P2'/P3  we  obtain, 


Where  P2 '  is  the  pressure  at  X=0,  and  P3  is  the  pressure  at 
>!=L  when  transducer  "A"  is  transmitting.  With  a  similar  but 
symmetrical  development  with  transducer  "B"  transmitting  we 
obtain, 


Where  P3 '  is  the  pressure  at  the  right  end  and  P2  is  tne 
pressure  at  the  left  end  when  transducer  "B“  is 
transmitting.  Considering  the  previous  sketch  o-f  the  two 
dif-ferent  situations,  the  open  circuit  receiving  sensitivit/ 
■for  microphone  C  can  be  found  in  each  case, 


When  the  standing  wave  scale  -factor  is  used  to  express  the 
pressure  at  the  o-f-fset  comparison  microphone  as  a  function 


of  the  pressure  at  the  end  for  both  values  of  Me,  we  have. 


_  Vc6 

f3  QK")  “  P3'  QK”) 


Equation  2.16 


Solving  for  the  pressure  ratio  as  a  function  of  wavenumber. 


—  -  r  cos  \  Sim 

PJL  VaL 

This  pressure  ratio  will  allow  the  ratio  Ma/Mb  to  be 
expressed  in  terms  of  voltage  ratios  alone,  provided  the 
term  in  the  brackets  in  equation  2.17  is  equal  to  unity.  If 
KL  is  equal  to  some  multiple  of  pi,  as  it  is  with  perfectly 
rigid  ends,  then  this  assertion  is  correct.  Experimentally, 
the  deviation  of  the  value  of  KL  from  an  exact  multiple  of 
pi  is  determined  at  a  plane  wave  resonance  by  examining  the 
harmonicity  of  the  modal  resonances  in  the  plane  wave 
resonant  cavity.  CSee  Appendix  A. D  If  they  are  multiples  of 
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the  -fundamental  then  KL  will  be  a  multiple  of  pi  with 


sin(KL)»0  and  cos  <KL)  =  <-*■-)  1 .  From  the  theory  shown  in 
Appendix  A.,  the  values  of  KL  at  resonance  are  exact 
multiples  of  pi  only  in  the  case  of  a  perfectly  rigid 
boundary  or  in  the  limit  when  the  frequency  goes  to 
infinity.  When  the  fundamental  of  the  highest  plane  wave 
resonant  frequency  measured  was  calculated  and  compared  to 
the  lowest  plane  wave  resonant  frequency,  the  ratio  so  found 
was  an  estimate  of  how  close  the  worst  case  KL  came  to  being 
an  exact  multiple  of  pi.  As  shown  in  Appendix  A.,  the  worst 
case  occurred  as  expected  at  the  lowest  plane  wave 
resonance.  In  this  worst  case,  the  value  of  KL  was  measured 
as  .9927*pi,  to  four  significant  figures.  Since  the  voltage 
ratio  used  in  equation  2.18  comes  in  under  the  square  root 
in  the  calculation  for  microphone  sensitivity,  the  value  of 
unity  for  cos(KL)  will  introduce  an  approximate  .001  db  re  1 
V/ubar  worst  case  error.  Since  other  experimental 

uncertainties  will  be  shown  to  be  larger  than  this  value  by 
at  least  one  order  of  magnitude,  equation  2.17  will  be  used 
in  the  form  shown  below. 

_  VcA 

M  Equation  2.18 

PA  Vce 
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Now  tha  ratio  o-f  lia/Nb  becomes. 


Combining  Equations  2.2  and  2.19  we  obtain  for  the  square  o-f 
Ma, 


Equation  2.20 


Mhen  the  de-finitions  -for  Sa  and  lib  are  substituted  into 
equation  2.20  and  we  solve  for  ila,  we  obtain, 


if;  'h: 

ll  Vea 


Similarly, 


6  4-  Ves 
i  4.  VcA 


Equation  2.21 


Equation  2.22 


we  can 


By  using  the  reciprocity  relationship;  e4i4  =  elil, 
eliminate  the  requirement  to  experimentally  measure  i4, 


Equation  2.23 


Having  considered  the  practical  consequences  and 
experimental  advantages  o-f  the  method  chosen  to  measure 
Va/Vb,  the  consequences  o-f  a  compliant  microphone  with 
regard  to  the  calculation  of  the  voltage  ratio  representing 
Ma/Kb,  and  having  just  reduced  the  number  of  basic 
electrical  measurements  required  by  one,  consideration  must 
now  be  given  to  the  experimental  determination  of  the 
reciprocity  factor,  "J".  Consider  the  form  of  the  acoustic 
transfer  admittance  derived  in  Chapter  1. 


-T“  - 

r  IT  Vo  “f-'j 

J 

J 

Equation  2.24 


The  temperature,  pressure  and  density  of  the  medium  within 
the  resonant  cavity  were  found  to  vary  over  the  duration  of 


the  experiment. 


Since  the  reciprocity  -factor  "J"  represents 


the  acoustical  trans-fer  admittance  o-f  the  medium  within  the 
resonant  cavity  during  the  measurement  of  par ameter s  used  to 
calculate  a  plane  wave  resonance  reciprocity  calibration, 
some  modi-f ication  in  the  value  used  -for  "J"  must  be  made  to 
properly  account  -for  medium  changes.  Mhen  "A"  is 
transmitting  this  becomes, 


IT  Vo 
P3  “  Po  y 


Equation  2.25 


Where  the  subscripts  "ATBR"  stand  for  "A  transmitting  and  B 
receiving".  When  "B"  is  transmitting  we  obtain. 


U3  __  TT  V  o 

y  Q  ax  Aft. 


Equation  2.  Zt> 


Where  the  subscripts  "BTAR"  stand  for  "B  transmitting  and  A 
receiving".  Now  Equations  2.21  and  2.25  are  used  to  obtain 
the  open  circuit  receiving  sensitivity  for  transducer  "A‘. 


1/ 

/  VcA  "H"  Vd  \ 

i  li  (Po  y  Qat6<1.  j 


tquation  2.27 


Similarly,  equations  2.23  and  2.26  are  used  to  obtain  the 
open  circuit  receiving  sensitivity  for  transducer  "B". 
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Equation  2.28 


Equations  2.27  and  2.28  are  the  solutions  Me  set  out  to 
obtain  for  a  plane  wave  reciprocity  calibration  which  uses  a 
reference  microphone  mounted  in  a  third  port  in  the  resonant 
cavi ty . 

It  is  experimentally  significant  that  the  solutions  for 
Ma  and  Mb  using  the  method  of  plane  wave  reciprocity  appear 
t<j  be  independent  of  the  position  used  for  the  mounting  of 
the  reference  microphone  Mithin  the  resonant  cavity  mhen  in 
fact  they  are  not.  This  is  because  it  is  possible  to  select 
a  location  for  the  reference  microphone  in  the  wall  of  tne 
plane  wave  resonant  cavity  that  will  cause  1 arge 
experimental  errors  to  occur  in  the  solutions  tor  Ma  and  Mb. 
Additionally,  the  error  in  the  absolute  calibration  will 
cause  any  comparison  calibration  made  in  situ  and  based  upon 
the  absolute  reciprocity  calibration  to  be  in  error  as 
well.  These  sources  of  potential  error  and  the  solutions 
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Th«  di-f-faranca  in  thasa  two  valuaa  for  Me  is  a  maaaura  of 
tha  axparinantal  pracision  obtainad. 

With  ragard  to  tha  rafaranca  microphona,  two  diffarant 
sizas  and  poaitiona  wara  uaad  at  diffarant  timaa.  Tha  firat 
rafaranca  microphona  waa  a  BScK  typa  4134  condanaar 
microphona  which  had  a  1/2  inch  diamatar  whila  tha  aacond 
waa  a  Knowlaa  aubminiatura  tranaducar  typa  BT-1751  with  an 
outaida  diamatar  of. OSS  inchaa.  In  aaparata  conf igurationa, 
both  wara  uaad  initially  in  tha  aida  of  tha  cylindrical 
resonant  cavity.  Tha  final  configuration  uaad  tha  typa 
BT-17S1  mountad  adjacant  to  tha  ona  inch  WE640AA.  Thia 
poaition  waa  uaad  in  tha  largar  cavity  whara  tha  cavity 
innar  diamatar  waa  aufficiantly  larga  to  accomodata  both 
microphones  in  tha  and  cap.  Exparimantal  considarations 
yiald  two  pragmatic  raasons  for  sal  acting  tha  and  mounting 
in  praferanca  to  tha  si  da  mounting.  Whan  tha  cylindrical 
plana  wava  rasonant  cavity  is  driven  at  a  longitudinal 
resonance,  the  standing  waves  within  such  a  cavity,  (when 
the  ends  are  rigid)  will  vary  as  cos(Kx},  where  x  gives 
the  longitudinal  position,  K  equals  n-»pi/L,  n  is  the  mode 
number,  and  L  is  the  length  of  the  cylindrical  cavity.  At 
tha  fundamental  mode,  there  will  exist  an  acoustic  Standing 
wave  pressure  node  at  x  »  L/2.  When  higher  modal  resonances 
occur,  there  will  be  "n"  nodes  found  along  the  longitudinal 
axis  of  the  tuba.  If  th*  location  of  tha  rafaranca 


then  no 


microphone  is  *t  one  of  these  pressure  nodes f 
compar ison  i/oJtages  representing  Mm/Mb  can  be  obtained  for 
that  frequency.  Additionally,  i-f  tha  microphone  is  mounted 
in  the  end,  Gl(n)  becomes  identically  one,  otherwise,  there 
is  a  finite  error  associated  with  the  calculation  o-f  Gl(n) 
-For  any  re-ference  microphone  position.  While  the  end 
mounting  removes  the  problem  o-f  -finding  a  node  at  the 
re-ference  microphone's  position  and  the  inaccuracies 
associated  with  computing  G1 <n) ,  an  additional  but  removable 
problem  arises.  The  placement  o-f  the  re-ference  microphone 
in  the  end  o-f  the  cavity  next  to  one  of  the  reciprocal 
microphones  will  cause  a  decrease  in  the  acoustical 
impedance  at  that  end.  For  a  given  source  strength,  this 
will  result  in  a  decrease  in  the  signal  amplitude  for  the 
larger  microphone.  This  situation  will  appear  to  yield  a 
lower  sensitivity  calibration  for  the  reciprocal  microphone 
than  that  obtained  in  the  absence  of  the  immediate  presence 
of  the  reference  microphone.  If  the  reciprocity  calibration 
on  which  the  comparison  calibration  is  based  is  taken  from 
the  microphone  mounted  separately,  this  potential  error  is 
avoided. 

An  estimate  of  the  magnitude  of  this  effect  can  be  made 
by  comparing  the  volume  velocity  in  this  problem  to  the 
analogous  current  in  an  electrical  circuit.  Because  the 


transverse  dimensions  in  the  end  are  much  less  than  a 


wav»langth,  th»  lumpad  paramatar  analogy  to  tha  alactrical 
circuit  is  possibla.  Whan  tha  raciprocal  microphona  is 
alona  in  ona  and,  mountad  in  tha  rigid  supporting  wall,  than 
tha  voluma  valocity  through  tha  plana  o-f  this  and  occurs 
only  as  a  rasult  o-f  tha  motion  o-f  tha  diaphragm  o-f  this 
microphona.  This  is  analogous  to  a  currant  sourca  providing 
all  its  output  to  a  singla  impadanca  placad  across  its 
output  tarminals.  Whan  tha  additional  ra-faranca  microphona 
"C"  is  introduced  adjacent  to  tha  raciprocal  'microphone  "B”, 
tha  situation  is  analogous  to  tha  alactrical  currant  source 
having  a  second  impedance  placad  in  parallel  across  the 
first.  Whan  this  is  done,  by  currant  division,  the 
magnitude  of  the  currant  through  tha  first  Impadanca  is 
reduced.  Referring  to  equation  1.35,  it  is  seen  that  the 
open  circuit  signal  voltage  is  directly  proportional  to  tha 
volume  valocity  of  the  microphone.  Since  the  magnitude  of 
the  signal  voltage  is  one  of  the  measured  electrical 
parameters  used  in  the  calculation  of  Mb,  the  value  so 
obtained  for  Mb  is  lower  than  that  obtained  when  only 
microphona  "B"  is  mounted  in  the  end.  Since  the  change  in 
the  c»lculmtmd  microphone  sensitivity  is  found  to  be 
proportional  to  the  change  in  the  acoustical  impedance  in 
the  end  of  the  cavity,  tha  relative  change  in  acoustic 
impedance  is  used  to  approximate  the  relative  change  in  the 
calculated  microphone  sensitivity. 


at 
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Equation  2.31 


I-f  the  assumption  o-f  rigid  walls  is  correct  and  if  there  are 
no  leaks  in  the  mountings  used  for  the  microphones,  and  if 
the  transverse  dimensions  of  the  microphones  are  much  less 
than  a  wavelength,  then  the  solution  above  is  valid.  To 
obtain  an  estimate  of  the  magnitude  of  the  relative  change 
in  sensitivity,  consider  the  following:-  Since  both 
transducers  are  operating  well  below  their  respective 
mechanical  resonances,  they  are  both  operating  in  the 
stiffness  control  region.  The  stiffness  of  the  volume  of 
the  Knowles  subminiature  transducer  is  modeled  as  that  of  a 
small  Helmholtz  resonator  CRef.  11:  p.226],  and  the 

stiffness  of  a  W.E.640AA  condenser  microphone  is  well  known 

in  published  literature  CRef.  3:  p.  323.  When  the 

I 

mechanical  impedance  found  using  the  stiffness  is  divided  by 
the  square  of  the  cross  sectional  areas,  the  resulting 
acoustical  impedances  can  be  substituted  into  equation  2.31 

I 

to  yield. 
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Equation  2.32 
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Sine*  the  volume  within  the  Knowles  subminiature  microphone 
has  roughly  the  same  dimensions  as  the  neck  o-f  the  Knowles 
subminiature  type  BT-1751  transducer  which  is  cylindrical  in 
shape  with  a  neck  diameter  o-f  1.4mm  and  a  neck  length  of 
1.57mm,  and  the  acoustic  impedance  of  a  W.E.640AA  condenser 
microphone  is  '^1.64E+12  NM^-5  (the  stiffness  of  the  640AA) 
divided  by  the  angular  frequency,  [Ref 3:  p.321 
substitution  into  equation  2.32  using  a  density  of  1.21 
kg/M^3  and  a  sound  speed  of  343  m/s  yields. 
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Equation  2.33 


This  corresponds  to  an  expected  decrease  of  0.24  db  re 
Iv/ubar  in  the  calculated  microphone  "B"  sensitivity  when 
microphone  "C"  is  mounted  alongside.  Experimentally,  a 
decrease  of  0.22  <-i— )0.10  db  re  Iv/ubar  was  obtained  by 
comparing  the  first  ten  plane  wave  reciprocity  modal 
calibrations  for  M.E.  640AA  serial#815  with  and  without  the 
Knowles  type  BT-1751  subminiature  reference  transducer 
mounted  alongside.  With  this  observed  change,  care  must  be 


made  in  the  comparison  calculations  for  he,  to  use  only  the 


reciprocity  calibrations  obtained  where  the  reciprocal 


microphone  is  mount.ed  alone.  The  next  two  photographs  show 
the  relative  sizes  o-f  the  microphones  involved  in  the 


calibration  experiment. 


w.m 


W.E.640AA 

microphone 

diaphragm 


Knowles  BT-1751 

microphone 

diaphragm 


Photograph  2.2  The  relative  sizes  o-f  the  Knowles 


iys!Dl.Qi§iy!!I®_l!llQsducer_mgunted_aigngside_the_gne_inch_CDndBnser 

ml^crgghgnfi 


In  the  photograph  above,  the  relative  position  o-f  the 
small  Knowles  subminiature  transducer  is  approximately  at 
the  "three  o'clock"  position  relative  to  the  one  inch 
WE640AA  condenser  microphone.  The  end  mount  shown  here  was 
intended  -for  use  only  in  the  larger  ("^70  cm)  plane  wave 
resonant  cavity.  The  inner  diameter  o-f  the  smaller  ('^23  cm) 
plane  wave  cavity  did  not  allow  su-f-ficient  room  for  both  to 
be  mounted  in  the  same  end.  As  previously  described,  the 


acoustic  impadancs  in  tha  and  o-f  tha  rasonant  cavity  is 
slightly  changad  whan  tha  subminiatura  transducar  is 
includad  alongsida  tha  largar  ona  inch  condansar 
fflicrophona. 


Photograph  2.3  Tha  ralativa  siza  of  tha  Knowlas 

subminiature  transducar  alongsida  both  a  ona  inch  WE640AA  and  a 
one  half  inch  General  Radio  microphone. 

In  this  photograph,  the  previous  end  mounting  is  removed 
and  the  microphone  casings  and  diaphragms  are  visable.  The 
subminiature  transducer's  FET  preamp  1  i -f i er  (inherent  to  the 
"type  BT-17Sl"as  obtained  from  the  manufacturer)  is  in  the 
extended  case  behind  the  neck  and  opening  leading  to  tha 
diaphragm.  It  is  this  portion  that  was  previously  modeled 
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as  a  small  Hslmholtz  resonator  to  estimate  the  change  in 
acoustic  impedance  at  the  end. 


To  complete  the  data  required  -for  a  six  way  round  robin 
check  on  the  experimental  precision  for  each  modal 
calibration,  we  will  next  consider  the  comparison 
calibration  of  each  reciprocal  microphone  based  upon  the 
absolute  reciprocity  calibrations  already  obtained  for  Ma 
and  Mb. 
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3 •  Th«  Comparison  Calibration  o-f Mi crgEhgna* _A " and " B " 

Wi th_R«»E§ct_tg_Each_Othfr 

In  ordar  to  complata  tha  six  way  round  robin  comparison 
chack  on  tha  axparimantal  pracision,  comparison  calibrations 
of  tha  raciprocal  microphones  based  upon  each  other  are 
needed  for  each  modal  calibration.  Refer  to  Equation  2. IB, 
which  gives  the  ratio  Ma/Mb.  Solving  in  turn  for  each  open 
circuit  receiving  sensitivity  we  obtain. 


Equation  2.34 


and , 
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Equation  2.35 


The  apparent  change  in  sensitivity  for  microphone  "B" 
resulting  from  the  change  in  acoustical  impedance  at  the  end 
containing  both  microphones  as  described  in  the  previous 
sect  ion,  will  not  adversely  effect  the  round  robin  precision 
of  an  individual  modal  calibration.  The  values  of  Mba  and 


liab  shown  above  are  still  based  upon  e4,  the  measured  signal 


voltaga  o-f  fflicrophon*  “B".  As  such,  ths  value  -for  Mba  will 
still  be  the  "same"  as  that  -found  -for  lib.  Similarly,  Mab 
will  be  the  “same"  as  Ma  since  while  the  apparent  value  of 
Mb  goes  down  as  a  result  of  ths  change  in  the  acoustical 
impedance,  the  ratio  of  ai/e4  will  go  up  a  proportionate 
amount.  The  relative  precision  of  the  experiment  is 
determined  by  computing  either  ( Ma-Mab )  /  ( Ma-t-Mab )  , 
(Mb-Mba)  /  <Mb-^Mba)  ,  or  (Mca-Mcb)  /  (Mca-t-Mcb) .  All  threw 
computations  result  in  ths  same  value  of  ths  experimental 
precision. 

While  the  equations  developed  for  Ma,  Mb,  Mca,  Mcb,  Mab 
and  Mba  will  allow  a  six  way  round  robin  consistency  check 
of  the  experimental  precision  for  »ach  modal  plane  wave 
resonance,  there  remains  one  simplifying  assumption  upon 
which  these  equations  are  based,  that  remains  to  be 
discussed.  This  is  ths  assumption,  nacassmry  for  the 
solution  for  "J"  given  in  Chapter  I,  that  the  microphones 
used  "•feel  no  iaprmssad  pressure”.  When  the  solution  for 
”J"  is  modified  to  account  for  a  microphone  with  a  finite 
mechanical  impedance,  a  correction  to  the  solutions  for  Ma 
and  Mb  is  required.  This  is  ths  subject  of  the  next 


section 


c. 


THE  IMPRESSED  PRESSURE  CORRECTION 


When  the  acoustic  trans-fer  admittance  that  is  used  in 
the  reciprocity  calibration  Mas  derived  in  chapter  1,  the 
derivation  was  unique  to  a  microphone  that  felt  no  impressed 
pressure .  The  assumption  o-f  "zero  pressure  sensitivity"  was 
then  incorporated  in  equations  1.34.  This  was  the  same  as 
saying  that  the  mechanical  impedance  o-f  the  microphone  was 
in-finite.  However,  real  microphones  have  a  finite 
mechanical  impedance  and  the  effect  of  this  finite  impedance 
upon  the  reciprocity  calibration  must  be  considered.  Refer 
to  figure  2.4  for  an  illustration  of  two  different  but 
reciprocal  condenser  microphones  mounted  in  the  ends  of  a 
plane  wave  resonant  cavity. 


Figure  2.4  Rec i gr gcal _m^cr aghones_moun ted_^n_t ne_ends 
of _a_gl ane_waye_r esonator 
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with  interpretation  of  the 


Referring  to  Equations  1.17, 
coefficients  as  shown  by  Beranek  [Ref . 9:  p .  1 17]  for  the 
general  case  of  both  acoustical  and  electrical  excitation, 
we  can  write  for  each  reciprocal  microphone, 
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Equations  2.36 


Where;  Z12  =  Z21  =  b,  the  transduction  coefficient. 

VI  =  voltage  across  the  transducer's  electrical 
terminals  when  the  transducer  is  used  as  a 
speaker . 

II  =  current  flowing  in  the  transducer  when  it  is 
used  as  a  speaker. 

P2^  =  pressure  at  the  speaker  end  of  the  resonant 
cavity  when  the  driving  frequency  is  at  a 
longitudinal  resonance. 

el  =  open  circuit  receiving  voltage. 

P2  =  acoustic  pressure  at  face  of  receiving 
mi cr ophone . 

U2  =  volume  velocity  of  speaker. 

U2'  =  volume  velocity  of  microphone. 

Zll  =  blocked  electrical  impedance  plus  the  electrical 
load  (or  generator)  impedance. 

Z22  =  the  open  circuit  acoustical  impedance  plus 

acoustic  radiation  impedance  as  seen  at  acoustic 
port  4»2. 


Dividing  the  third  and  fourth  equations,  we  oDtain  tor  ha, 
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Solving  the  second  equation  in  equations  2.36  -for  il, 
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Equation  2.38 


Substituting  this  value  for  il  into  the  definition  for  Sa  we 
obtai n , 
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We  now  define  the  previously  derived  transfer  admi > tance  fcr 
the  longitudinally  resonant  plane  wave  cavity  to  be, 


TT 


Equation  2.4'.i 


Where  "n"  is  the  mode  number  of  the  longitudinal  -escnance. 
Since,  J  equals  ha/Sa  and  at  resonance  within  the  plane  wa/e 
resonant  ca/it/,  P2 '  and  P3  are  equal  in  magnitude,  equation 


k. 
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The  first  part  of  the  above  equation  for  the  reciprocity 
factor  "J",  is  the  transfer  impedance  as  derived  in  chapter 
one.  Note  however,  that  the  assumption  of  a  "rigid”  ideal 
microphone  is  the  same  as  stating  that  Z22  is  infinite.  In 
this  ideal  case,  the  correction  term  goes  to  zero  without 
the  assumption  that  P2'  is  necessarily  zero.  In  fact,  in  a 
plane  wave  resonant  cavity,  as  previously  shown  in  equation 
2.13,  this  IS  not  the  case.  With  a  finite  impedance,  it 
remains  to  be  shown  that  the  correction  term  multiplying 
(-U2/P3)  is  small.  To  do  so  requires  the  determination  ot 
the  value  of  Z22  as  shown  in  the  canonical  equations 
the  re':iprncal  mtcri^ phone  is  termir^atea  Nith  an  acoustis 
plane  wave  resonator. 

The  normal  acoustic  impedance  (Z22'  is  shown  by  Peranei 
CRef . 9; p. 1 17]  for  the  general  case  of  simultaneous  electric 
and  acoustic  excitation,  as  being  equal  to  the  sum  of  tne 
open  circuit  normal  acoustic  impedance  and  the  acoustic 
radiation  impedance.  In  the  case  of  pltI^ne  wave  resonant 


reciprocity,  the  resonant  acoustic  ca/ity  can  be  snown  to  be 


"loading"  the  -faces  o-f  the  microphones  mounted  at  each  end. 
This  impedance  load  for  the  transducer  attached  to  a  plane 
is  given  by  CRe-f.  11:  p.2013; 

^  j  (h'C) 

^ - -  ■  Equation  2.42 
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=  mechanical  impedance  o-f  the  tube  ^een  at  X=0 
in  the  plane  wave  resonant  cavity. 

=  mechanical  impedance  at  the  X=L  termination. 
=  gas  density 
=  sound  speed 
=  wavenumber  Cw/c3 
=  complex  wavenumber  Ck  -  jal 
=  absorption  coe-f-f icient 

=»  length  along  the  longitudinal  axis  of  the 
resonator . 

=  cross  sectional  area  of  tube  &  diaphragm. 


If  the  cavity  is  a  multiple  of  a  half  wavelength  and  is 
made  to  resonate  longitudinally,  the  value  of  kL  Mas  been 
shown  (appendix  A.)  to  be  an  integral  multiple  ot  oi . 
Add  1 1 1  ona  1  1  y  ,  if  there  is  a  low  loss  ‘.high  Q)  acoustic 
system  so  that  hyperbolic  sine  and  cosine  are  well 
represented  by  the  first  term  in  a  senes  expansion,  then 
the  mechanical  impedance  looking  into  the  resonant  tube  is 
approximately  equal  to  the  mechanical  impedance  found  at  the 
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Equation  2.43 


When  this  load  impedance  is  added  to  the  open  circuit 
mechanical  impedance  o-f  the  microphone  and  then  expressed  in 
terms  a-f  acoustical  impedances,  we  have  for  Z22: 


Equation  2.44 


When  this  interpretation  of  Z22  is  combined  with  the  results 
shown  in  equation  2.13,  equation  2.4i  is  reduced  to: 
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change  in  microphone  sensitivity  as  compared  to  that 
expected  for  a  perfectly  rigid  termination.  If  "Mao"  is 
used  to  identify  the  magnitude  of  the  open  circuit  receiving 
sensitivity  calculated  using  equation  2.27,  we  have: 


Equation  2.46 

It  IS  important  to  consider  the  acoustic  system  as  a 
whole  when  the  value  of  Z22  is  determined.  The  following 
considerations  are  in  addition  to  those  previously  presented 
where  the  diaphragm  area  is  equal  to  the  tube  area. 

When  equations  2.36  were  employed  to  determine  the 
impressed  pressure  correction,  the  four  port  network  used  as 
the  system  model,  required  Z22  <or  J22)  to  be  associated 
with  ac.jujtic  port  #2.  This  means  that  the  influence  on  Z22 
of  the  difference  in  the  cross  section  area  of  the  tube  and 
the  area  of  the  microphone  diaphragm  must  also  be 
considered.  This  difference  in  areas  will  act  as  an 
acoustic  transformer  and  will  serve  to  increase  the  acoustic 
impedance  of  that  port  over  that  which  would  occur  if  the 
tube  and  diaphragm  areas  were  the  same  CRef . 9; p . 1 251 .  Tne 
multiplicative  correction  to  Zmic  that  accounts  for  tnis 
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impedance  at  the  end  is  the  ratio  of 


the  tube  area  to  the  diaphragm  area.  Consider  the  sequence 


o-f  acoustic  terminations  shown  in  the  next  figure: 


Figure  Z,  5  QlHenent _t er m^nat ^ons_£Gr _the_gj^ane 
wave  tubes. 


In  the  first  tube,  the  area  ot  the  tube  matches  the  area 
o-f  the  diaphragm.  The  acoustic  impedance  at  the  end  of  this 
tube  IS  simply  the  acoustic  impedance  of  tne  microphone.  In 
the  bottom  tube,  the  majority  of  the  end  is  a  rigid  wall. 
Tn  this  case,  the  limit  of  the  acoustic  impedance  tends  to 
■i  n  •  1  n  1  t  /  as  the  area  of  the  large  tube  becomes  mL.cti  jr  eater 


than  the  area  of  the  diaphragm. 
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either  the  -first  or  last  situation  is  possible,  it  is  the 
termination  shown  in’  tube  #2  that  is  of  practical  interest 
in  the  plane  wave  resonant  cavities  used  in  this 
experiment.  To  illustrate  the  influence  of  the  different 


terminations,  the  definition  of  mechanical  impedance  is 
applied  to  the  acoustic  port  at  the  end  of  the  tube, 


At 


■  Equation  2.4" 


where:  tm  =  mechanical  impedance  of  the  acoustic 

port  at  the  end  of  the  tube. 

Pend  =  acoustic  pressure  at  the  end  of  the  tube, 
u  =  the  resulting  speed. 

At  =  cross  section  area  at  the  end  of  the  tube. 


Since  the  on  1  /  resulting  speed  at  port  #2  is  that  o+  the 


microphone  diaphragm,  and  rewriting  equation  2.47  in  terrs 
of  the  ac.’Ltsfic  impedanre  of  the  m.crophcne,  we  na-.e: 


4  = 


?eNT5  A4  At 
'VC  ^  Ad 

A? 


E quat 1  on  2 . 4t 


•ad  =  ;r  OSS  sectior.  area  of  the  apOr  s'jIti, 
7a  =  scoii-itic  .  .’-pea  sr.r  e . 


•frequency  range  o-f  interest,  J22  =  1/Z22  can  be  calculated 
and  the  value  o-f  J22/Jo  can  be  determined. 

When  the  various  reciprocity  -factors  representing  the 
different  experimental  geometries  are  examined,  it  is 
apparent  that  the  magnitude  of  the  impressed  pressure 
correction  will  be  different.  Refer  to  equations  2.51 
bel ow. 
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Equations  2.51 


The  parameter  values  to  be  used  for  a  rough  numerical 
comparison  are  given  below: 

Ra  =  3.27E-*-7  NSecli''-5  (acoustic  resistance,  CRef.3;  p.  3 


Ma  =  4.  77E-J-2  kgM''-4 
Ka  =  1.64E-t-12  Nt1-'-5 
Po  »  101330  pa 
fe  =  1.39 
fn  =  2450  Hz 
c  =  343  M/sec 
r  =  ,  20  -  .  40  M 
Qn  ~  165 

Vo  ~  6.49aE-4  M"'3 
Vo  ~  4,6E-7  M'- 3 


(acoustic  resistance,  CRef.3;  p.  321 
W.E,640AA) 

(acoustic  mass  CR'ef.3;  p.  32  3  ? 

(average  acoustic  stiffness  Csame  re-f  3 ) 
(^atmospheric  pressure) 

(ratio  of  specific  heatsCRef  253) 

(10th  modal  resonance  in  long  tube) 
(phase  speed  in  unbounded  medium) 
(separation  distances  for  free  field) 
(quality  factor  for  70  cm  plane  wave 
resonant  cavity) 

(volume  of  plane  wave  resonant  tavit.' 
(volume  of  pressure  coupler  CRef.  2: 
p.  123  ) 


The  case  of  the  pressure  coupler  is  similar  to  that  o+  tne 
plane  wave  resonant  cavity.  In  the  first  case,  due  to  the 


small  dimensions  of  the  cavity,  KL'^0,  whereas  in  the  plane 
wave  resonant  cavity  KL  ~  N*pi .  In  the  case  of  the  free 
field  calibration,  the  correction  must  use  a  different  value 
for  1/Z22.  Substituting  the  appropriate  values  into  equation 
2.46  yields: 

Pressu.r't 

,  Equations  2.52 

fCB-E 
^  VflLrvc 

e;:pected,  these  quan  1 1 1  at ;  vel  y  different  results  simpl/ 
reflect  the  fact  that  the  effect  of  the  compliance  of  t'^e 
acoustic  system  is  the  greatest  in  the  small  pressLire 
coupler  cavity,  least  in  the  free  field  geometry,  anq 
somewhere  in  between  in  the  larger  plane  wave  cesonar.t 
cavity  geometry.  These  fractional  compliance  corrections, 
if  ignored,  correspond  to  microphone  sensitivity  cCanyes  of 
-.45,  -.ICi,  and  ''’'t'l  db  re  IV/ u bar  resperci  /ely. 
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Sine*  th«  paramatar  valuas  usad  to  obtain  this 
comparison  ara  only  approx imata,  a  di-f-farant  mathod  o-f 
computing  “J22/Ja“  Mill  now  bo  usad  in  tho  caso  o-f  a  plana 
wavo  rosonant  cavity  to  obtain  a  -furthar  comparison. 

Considor  tha  analytical  -form  of  tho  transduction 
coafficiont  found  in  tha  litaraturo  for  an  condansar 
microphono  Mhon  tho  opon  circuit  machanical  impadanca  of  tha 
microphono  is  so  much  graatar  than  tha  radiation  impadanca 
that  tha  radiation  impadanca  is  nogligabla  CRof.  11:  p350]: 


CcEo 

TT  Go  Ae.  Aa 


Equation  2.53 


Whore:  Co  microphone  capacitance. 

Eo  «  condenser  microphone  bias  voltage, 
fn  »  modal  frequency  of  resonance. 

B  permittivity  of  free  space. 

Ae  «  the  effective  backplate  area  of  the 
condenser  microphone. 

and  Ad  «  the  diaphragm  area  of  the  microphone. 


If  MO  can  include  the  influence  of  the  acoustic  load  due  to 
the  plane  wave  resonant  cavity  in  the  above  solution  for  the 
electroacoustic  transduction  coefficient,  we  can  use  the 
previous  equation  determined  for  "Jo"  to  obtain  an 
analytical  form  for  the  ratio  "l/Z22'»Jo". 


123 


Biven:  Ae  1.296  E-4  M'^2  (e-ffective  backplate  area  -for  a 

W.E.640AA  obtained  from  engineering  drawings) 
(See  the  above  figure. ) 

Ad  ~  2.693  E-4  n''2 
Po  101330  Pa. 

Co  52e-12  F. 

Eo  200  V.D.C.  bias  voltage. 

-Q.  a5E-12  F/M  (permittivity  of  free  space) 

06  ~  1.39  (ratio  of  specific  heatsCRef.  251) 

Ma  .0355  V/Pa  (-49  db  re  1  v/ubar  1  khz) 

Vo  ~  6.498E-4  M'^3  (volume  of  long  tube) 

Qn  165  in  the  "long"  cylinder  (freq  of  2450  hz.) 


III.  iXPERIMENTAL_PROCEDyRES 


A.  INTRODUCTION 

The  experimental  procedures  and  equipment  required  for 
two  different  methods  of  absolute  reciprocity  calibration  of 
microphones  are  presented  in  this  chapter.  The  method  of 
primary  interest  was  the  plane  wave  resonant  reciprocity 
calibration.  The  secondary  free  field  comparison 
calibration,  when  corrected  for  diffraction  CRef.  3;  p.31], 
was  used  as  a  low  frequency  consistency  check  for  the 
results  of  the  primary  method. 

The  separate  apparatus  built  for  these  two  methods  are 
described  first.  The  resonant  reciprocity  part  of  the 
experiment  used  two  different  right  circular  cylindrical 
cavities  to  obtain  a  self  consistency  cneci  on  the 
associated  plane  wave  resonant  reciprocity  cal i brat i ons. 
The  free  field  calibration  used  a  microphone  translator  that 
operated  under  computer  control .  Both  methods  used 
commercial  electronics  equipment  which  will  be  described  in 
the  appropriate  section. 

Following  the  description  of  the  apparati.is,  the 
procedures  and  signalflow  are  presented  for  both  calibration 
Both  a  plarie  wawe  resoriant  re^ziprocity  •:  a  1  ^  b  r  at  i  • ‘n 


methods . 


o-f  a  laboratory  standard  type  W.E.640AA  condenser  microphone 
and  a  standard  free  field  reciprocity  calibration  -for  an 
electrodynamic  microphone  are  described.  The  -free  field 
reciprocity  calibration  o-f  the  electrodynamic  microphone  in 
turn  yielded  a  comparison  calibration  of  the  previously 
calibrated  W.E.640AA  condenser  mic-'ophone. 

The  basic  e;!per  i  mental  parameters  obtained  from 
measurements  which  occur  in  the  experiment  are;  voltage, 
current,  resistance,  frequency,  capacitance,  temperature, 
length,  barometric  pressure,  and  relative  humidity.  The 
uncertainties  in  experimentally  measured  electrical  and 
physical  parameters  are  presented  in  an  error  analysis  of 
these  fundamental  measurements.  The  propagation  of  error  in 
the  computed  microphone  open  circuit  voltage  receiving 
sensitivity  is  then  made  resulting  in  an  estimate  of 
probable  error.  In  addition,  the  experimental  methods  used 
to  determine  the  system  linearity,  voltage  transfer 
function(s),  and  the  stability  of  difterent  .c.tage 
amplifiers  will  be  explained.  Experimental  prccedi.ires  whicn 
result  in  a  reduction  of  systematic  error  will  be  discussed 
whenever  applicable.  The  final  results  for  probable  error 
will  be  summarised  in  the  last  section  of  this  chapter. 


EXPERIMENTAL  APPARATUS 


i •  Plan*  Wav  Resonant  Cavities 

Two  di-f -ferently  dimensioned  plane  wave  resonant  cavities 
were  built  to  measure  the  self  consistency  in  the  method  of 
plane  wave  resonant  reciprocity  calibration.  Since  the 
calibrations  occurred  at  frequencies  corresponding  to 
longitudinal  resonances,  the  first  cavity  was  made  one  third 
the  length  of  the  second.  Thus,  the  frequency  of  every 
third  longitudinal  resonance  in  the  "long"  tube  matched  the 
frequency  of  a  longitudinal  resonance  in  the  "short"  tubs. 

For  each  plane  wave  resonant  calibration,  three 
microphones  were  required.  In  the  final  calibration 
configuration,  only  two  different  size  microphones  were 
used,  although  each  right  circular  cylindrical  cavity  was 
made  of  brass  with  ports  constructed  for  the  mounting  of 
three  different  sizes  of  microphones.  Two,  one  inch 
diameter  reciprocal  W.E.640AA  condenser  microphones  were 
mounted  in  the  opposite  ends  of  the  cavity  while  a  one 
eighteenth  inch  (1.41  mm)  diameter  comparison  microphone  was 
mounted  in  one  end  (for  the  long  tubs)  or  in  the  side  of  the 
cylinder  wall  (for  the  short  tube).  The  comparison 
microphone  was  a  Knowles  type  BT-1751  submi nature  transducer 
which  had  a  small  preamplifier  built  into  the  transducer 


Photograph  3. 1  The  70. 12  cm  brass  tuba  u»»d  a«  a 
El.ano_ssave_re»gnant_cavi  tjji 

In  this  photograph,  the  left  mount  for  the  UE640AA 
microphone  is  dismantled  and  is  shown  in  front  of  the  tube. 
The  tube  itself  is  placed  upon  two  wooden  supports  used  for 
stability  on  the  lab  table.  The  rubber  0-ring  seal  is 
easily  seen  in  the  dismantled  mount  and  was  provided  for 
eventual  calibrations  in  different  gas  media.  The  small 


pipe  inlet  in  the  center  of  the  tube  is  intended  for  the 


introduction  o-f  these  different  gases  into  the  cavity. 
Since  this  capability  was  not  employed  in  this  experiment, 
the  small  hole  intended  as  a  gasport  at  the  base  of  the 
center  inlet  pipe  (radius  ~  .0004  meters)  served  only  to 
increase  the  acoustic  losses  during  resonance  measurements. 
The  large  ports  for  the  1/2  inch  comparison  microphones  are 
easily  seen  towards  each  end  of  the  tube  and  are  shown 
closed  with  the  brass  plugs  shown  in  greater  detail  in 


photograph  3.2. 


Photograph  3.2  Mount i,ng_Egrt3_3_end_viBw 


Here,  one  o-f  the  plexiglass  mounts  for  the  WE640AA  I  inch 
condenser  microphone  is  shown  dismantled.  The  port  for  the 
1/2  inch  comparison  microphone  is  also  shown  in  a  dismantled 
state.  The  nuts  and  bolts  used  to  fasten  the  mount  and 
WE640AA  to  the  end  are  nonconduct i ve  nylon.  The  0-ring  seal 
and  grove  are  easily  seen.  The  markings  shown  inside  the 
Q-ring  grove  were  used  as  reference  marks  for  diameter 
measurements  made  using  a  calipers.  In  the  final 
calibration  configuration,  the  1/2  inch  microphone  ports 
were  sealed  with  the  plug  shown  in  the  lower  riont 


-foraground  o-f  photograph  3.2  and  a  Knowlss  type  BT-1751 
subminiature  transducer  Has  mounted  in  the  end,  alongside 
the  WE640AA  condenser  microphone. 


Photograph  3.3  Ihe_^shgrt “_tube^ 

Here  is  an  end  view  o-f  the  short  plane  wave  resonant 
cavity.  Both  the  1  inch  plexiglass  mount  and  the  1/2  inch 
microphone  mounts  are  removed.  A  gasport  is  placed  in  the 
center  o-f  the  tube  as  it  was  with  the  long  tube.  During  the 
-final  calibrations,  the  1/2  inch  microphone  port  was  again 
plugged  and  the  Knowles  type  BT-1751  submini 3ture  transducer 
was  mounted  in  the  wall  o-f  the  cylinder.  Slightly  out  o-f 
focus,  the  Knowles  subminiature  can  be  seen  at  the  far  end 


leads  to  the  preamplifier. 
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Knowles  was  mounted  in  the  wall  o-f  the  cylinder 


2 .  Ih§_Mi.crgB!20D®_l!l§Q§i.§t  or  _f  or  _Free_Fi^e^d_Ca^i^brat  i_gns 

Two  experimental  di -f -f  icul  ties  are  hidden  in  the  theory 
developed  for  the  free  field  reciprocity  calibration  derived 
in  chapter  one.  First,  the  free  field  theory  requires  that 
the  source  transducer  appear  as  a  point  source  in  the  far 
field  of  the  receiving  microphone.  This  does  not  appear  to 
require  more  than  one  measurement  of  separation  distance 
between  source  and  receiver  [Refer  to  equation  1.841. 
Secondly,  it  is  assumed  that  the  reciprocal  microphone  will 
have  sufficient  strength  to  project  sound  at  an  adequate 
signal  to  noise  level  in  the  far  field.  These  experimental 
facts  are  related  as  outlined  below. 

In  the  first  case,  free  field  reciprocity  theory 
requires  a  point  source  so  that  the  acoustic  pressure 
amplitude  falls  off  as  1/R  where  R  is  the  "distance"  between 
the  source  and  the  receiver.  Experimentally,  after  anechoic 
conditions  are  obtained  in  the  laboratory,  the  measured 
separation  distance  between  the  source  face  and  the  receiver 
diaphragm  does  not  normally  vary  as  1/R!  For  a  given 
operating  frequency,  a  small  difference  is  found  between  the 
physical  separation  distance  and  what  is  called  the 
"acoustical  separation  distance" ,R * .  The  received  pressure 
amplitude  does  fall  off  as  1/R*.  Experimentally,  this 
requires  a  correction  to  the  measured  physical  separation 
distance  that  is  unique  to  a  source/receiver  pair  and  varies 


as  a  -function  o-f  -frequency.  The  theoretical  and 
experimental  necessity  o-f  obtaining  this  1/R'  dependence 
requires  the  measurement  o-f  several  received  signals  at 
different  distances.  A  least  squares  error  fit  to  the 
measured  signal  voltage  versus  the  measured  separation 
distance  will  yield  the  correction  to  the  measured 
separation  so  that  the  acoustical  separation  distance  may  be 
calculated.  The  computer  controlled  microphone  translator 
was  constructed  to  increase  the  precision  in  the 
experimental  measurement  of  the  acoustical  separation 
distance. 


Photograph  3.7  Ihe_mi.crgBhgne_trans^atori 

Notice  the  meter  stick  on  the  table  next  to  the  translator. 
The  total  length  of  the  translator  was  just  over  three 


Princeton  Applied  Research  Model  5204  lock-in  analyser 
HP-3325— A  synthesi zer /-f unct  1  on  generator 
HP-3456A  digital  voltmeter 
HP-5316A  universal  counter 

Cblank  space  where  HP-98307A  VHP  switch  was  normally  located! 

HP-aS  computer 

HP-7470A  graphics  plotter 

Interface  wiring  for  the  HP-3497A  [two  panels] 

HP-3497A  data  acquisition  and  control  unit 


On  the  floor  to  the  right  of  the  rack  are  two  HP-467  power 
amplifiers  used  to  amplify  the  HP-3325A  signal  for  the  Altec 
electrodynamic  source. 

The  correction  to  the  measured  separation  distance  in 
free  field  reciprocity  is  illustrated  in  figure  3.31  where 
the  measured  separation  distances  and  the  acoustical 
separation  distances  are  both  plotted  for  tne  490  Hz 
microphone  calibration  measurement.  This  necessity  to  -a.  y 
the  range  between  source  and  receiver  to  determine  the 
acoustic  separation  distance  is  the  indirect  cause  of  the 
second  experimental  problem. 

When  the  received  microphone  signal  /ol  tage  is  measLiCec 
at  increasing  ranges,  the  low  source  leve.  of  the  WEc  4(. 
condenser  microphone  results  in  a  very  low  signal  to  noise 
ratio  in  this  far  field.  This  low  signal  to  noise  le/el  cai. 
introduce  significant  measurement  errors  j.  n  the  cal  i  br  at  i  or. 
procedure.  The  use  of  a  different  reciprocal  sound  source 
w.th  an  increased  acoustic  output  solves  the  problem  of  a 
low  signal  to  noise  ratio  in  the  received  signal.  In  tnis 
e'  periment  an  Alter  n38  el  ectmO'/iami  c  micrcphc.-e  .-las 


selected  as  the  reciprocal  source  since  its  acoustic  cutput 
IS  significantly  greater  than  that  obtained  for  the 
condenser  microphone.  The  schematic  diagram  of  the  setup 
within  the  anechoic  chamber  used  to  obtain  the  comparison 
calibration  between  the  Altec  and  WE640AA  microphones  is 
shown  below. 


figure  3.2  Ihe_cgmgar ^5gn_ca i^i^Or a t ign_Det ween_ t he 
Al^tec_and_WE640AA_m^crgghones^ 

The  e.:per  1  mental  results  obtaine<i  with  tt-ie  aoove  setup  w:  .  i 
be  d.scussed  later  in  the  error  anal /si  s  or  the  rree  -i- i  a !  c; 


'I'-'iTipar  son  i;  a  I  j  t  r  a  1 1  on  . 


C.  SIGNALFLOW  AND  COMPUTER  CONTROL  WITH  PLANE  WAVE 
RESONANT  RECIPROCITY 


The  schematic  diagram  shown  below  illustrates  the  si 
paths  used  -For  computer  control  o-f  data  acquisition, 
basic  data  so  acquired  was  then  used  to  compute  a  plane 
resonant  reciprocity  calibration  o-f  the  microphone 
circuit  voltage  receiving  sensitivity. 
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Figure  3.3.  Schematic_diagram_gf_the_signal._fl.gw_f or 
the_giane_waye_resgnant_recigrgcit^_calibratign 


The  controlling  computer  so-ftware  was  written  to  make 
the  experiment  entirely  automated  a-fter  the  initial  data  is 
given  to  the  computer.  The  -following  is  a  discussion  o-f 
this  procedure: 

The  computer  program  (see  appendix  B) ,  written  to 
control  the  plane  wave  reciprocity  experiment,  per-forms  the 
-following  steps  beginning  sequentially  with  the  highest  mode 
o-f  interest  and  ending  with  the  lowest  mode  o-f  interest. 
Each  o-f  these  steps  (except  -for  the  initial  input)  are 
per-formed  at  each  mode. 

The  initial  input  is  obtained  by  operator  responses  to 
program  questions.  The  program  asks  -for  the  -following  data: 

-  the  relative  length  o-f  tube  used  (short  or  long  tube) 

-  the  starting  relative  humidity  (assumed  to  remain  constant) 

-  the  highest  mode  o-f  interest 

-  the  lowest  mode  o-f  interest 

-  the  initial  -frequency  band  to  search.  This  will  be 
around  the  highest  mode. 

-  the  time  constant  -for  the  PAR  5204  lock  in  analyzer. 

-  the  voltage  scale  -for  the  PAR  5204  lock  in  analyzer. 


A-fter  this  initial  input,  the  computer  begins  the 
-following  sequence  o-f  equipment  con-figuration  and  data 
acquisition  subroutines: 

Step  1.  Set  all  equipment  to  the  proper  drive  voltage  and 
-frequency.  Then  switch  microphone  "A"  to  transmit  and 
microphone  "B"  to  receive. 

Step  2.  Per-form  a  preliminary  selection  of  the  drive 
voltage  amplitude  so  that  the  mid  frequency  range  initial 
amplitude  is  approximately  twenty  percent  of  the  lock  in 
analyzer's  full  scale  deflection. 


v" 


step  3.  Sample  26  data  points  over  the  initial  input 
■frequency  band.  This  band  must  bracket  the  center 
■frequency  o-f  the  mode  o^f  interest-  Store  the  frequency  and 
amplitude  data  and  then  analyze  the  data  for  the  resonant 
frequency,  F9,  the  peak  amplitude,  PI,  and  the  quality  factor  of 
the  resonance,  Ql.  These  preliminary  values  are  used  as  initial 
inputs  to  the  least  square  error  "Ravine"  fit  to  a  Rayleigh  line 
shape.  (Most  initial  values  were  found  to  be  within  approx¬ 
imately  one  or  two  percent  of  the  final  value.) 

Step  4.  Computing  the  "bandwidth"  as  the  initial  value  for 
the  resonant  frequency  divided  by  the  initial  value  of  the 
quality  factor,  adjust  the  frequency  band  of  interest  to  include 
only  plus  or  minus  one  "bandwidth"  around  the  initial  resonant 
frequency.  Adjust  the  drive  voltage  so  that  the  lock  in  analyzer 
is  operating  at  ninety  percent  of  max  scale  at  the  modal 
resonance.  Again  sample  26  data  points  and  s.tore  the  data  both 
in  a  memory  array  and  on  magnetic  tape.  Store  both  the  average 
temperature  and  average  atmospheric  pressure  found  during  the 
26  point  sample. 

Step  5.  Select  microphone  "B"  to  transmit  and  microphone 
"A"  to  receive.  Perform  steps  2,  3,  and  4  for  this 
conf i gurati on . 

Step  6.  Perform  a  ravine  search  CRef  26;  p.2073,  to  find 
the  least  square  error  optimum  values  for  F9,  PI,  and  Ql  for  both 
sets  of  data.  Store  thjse  values  on  magnetic  tape  and  in  a 
memory  array. 

Step  7,  Select  microphone  "A"  to  transmit  using  the 
previously  obtained  value  for  resonant  frequency  and  the  drive 
voltage  selected  when  "A"  transmitted  earlier.  Geleic 
microphone  "C"  to  receive.  Measure  the  comparison  .'oltage  i'ca 


'~tep  3.  Select  microphone  "B"  to  transmit  using  the  ravined 
value  previously  obtained  for  resonant  frequency  and  the  drive 
voltage  selected  when  "B"  transmitted  earlier.  Leave  micrcpnor.e 
"C"  in  receive  and  measure  the  comparison  voltage  Vcb  and  store 
1 1 . 

Step  9.  Using  the  equations  developed  for  the  si.-;  way  round 
robin  self  consistency  check,  compute  the  six  different  open 
circuit  receiving  sensitivities-  Store  these  values  on  magnetic 
tape  and  print  these  values  for  operator  viewing. 

Step  10.  Compute  the  frequencies  of  interest  for  the  ne>:t 
lower  mode  and  begin  anew  at  step  1  until  all  the  modes  of 
interest  have  been  sampled. 


F 


When  these  logical  routines  are  completed,  the  computer 
automatically  switches  all  experimental  equipment  into  tne 
standby  mode  and  awaits  the  next  "initial"  input  o-f  the 
operator.  I-f  the  operator  elects  to  stop  data  acquisition 
at  this  point,  printouts  o-f  the  experimental  measurements 
and  computations  just  completed  are  immediately  available. 
The  magnetic  tape  data  base  is  available  for  future  analysis 
and/or  comparison  when  such  a  need  develops. 

The  magnitude  of  the  improvement  in  experimental 
precision  using  computer  control  as  compared  to  manual 
measurements  is  illustrated  in  the  table  ’shown  on  the  next 
page.  Using  measurements  obtained  for  the  735  Hz.  resonance 
(as  a  comparison  sample),  the  percent  relative  change  in  the 
source  amplitude,  resonant  frequency,  and  computed  quail t. 
factor  were  computed  from  one  run  to  the  next.  The  time 
required  for  the  manual  measurements  (per  resonance* 


•  \ 

m 


averaged  25  minutes.  The  time  required  for  the  computer 

controlled  measurements  (per  resonance)  was  slightly  le==  / 'I J 


percent  relative  change 
■from  one  run  to  the  next 
in  measured  data. 

////////////////////// 


parameter  used  manual 

computer 

/ 

ratio  of  manual 

to/ 

to  measure  the  measurement 

measurement 

/ 

computer  results 

/ 

relative  change 

/ 

/ 

/ 

/ 

C source  amplitude!  .037 

.004 

/ 

9.25 

/ 

/ 

/ 

Cmeasured  resonant  .275 

.022 

/ 

12.5 

/ 

frequency (mode  3)1 

/ 

/ 

/ 

/ 

[calculated  quality  1.92 

.026 

/ 

73.  a 

/ 

factor! 

////////////////////// 

Table  3.1  Percent  relative  chanae  from  run 

to 

.  run 

under  manual  control  as  compared  to  computer  control  -for  a 


sel.ected_samgl.e^ 

It  is  apparent  that  a  rough  improi^wwnt  in  precision  of 
from  one  to  two  orders  of  magnitude  occurred  due  to  the 
computer  control  o-f  measurements.  This  was  the  typical 
result  o-f  using  computer  control  o-f  data  acquisition. 


D. 


THE  CALCULATION  OF  EXPERIMENTAL  ERROR 


^  •  i!2t!12dy£ti°Q 

When  equation  2.27  for  a  plane  wave  resonant  reciprocity 
calibration  for  the  open  circuit  receiving  sensitivity  is 
examined,  seven  experimental  variables  exist  and  need  to  be 
measured.  The  method  of  their  measurement  and  their  place 
in  the  analytical  formulae  will  determine  their  individual 
effect  upon  the  total  experimental  error-  Using  the 
equation  developed  as  the  plane  wave  resonant  reciprocity 
solution  for  Ma  as  an  illustration, 


el  VtA  "n-  Vo  -Cm 

i.t  Vtib  tP,  Ye  a.j 


Equation  3.  1 


straightforward  error  analysis  CRef.  263,  yields  for  the 


The  variables  are, 

el/il  -  The  ratio  of  the  received  signal  voltage  found 

across  microphone  ’A"  when  it  is  used  as  a  receiver 


to  ths  current  driving  microphone  "A"  when  it  is 
used  as  a  source. 

Vca/Vcb  -  The  ratio  o-f  the  received  comparison  voltages 
seen  by  comparison  microphone  “C". 

Vo  -  The  product  o-f  the  e-f-fective  cross-sectional 
area  o-f  cylindrical  cavity  times  its  length. 

Po  -  Atmospheric  pressure  within  the  cavity. 

/e  -  gamma,  the  e-f-fective  ratio  o-f  speci-fic  heats  for  the 
gas  within  the  cavity, (accounting  for  the  relative 
humidity  and  the  non-adiabatic  conditions  at  the 
boundary  of  the  resonant  cavity.) 

Qn  -  The  quality  factor  of  the  Nth  resonance. 

Fn  -  The  frequency  of  the  Nth  resonance. 

These  values  and  their  individual  probable  errors  must 
be  determined  and  included  in  the  calculation  of  the 
probable  error  for  Ma. 

The  necessity  of  obtaining  absolute  measurements  of  el 
and  il  prior  to  computing  their  ratio  was  avoided  by  using 
the  lock-in  detector  to  measure  both  el  and  (indirectly) , 
il.  Experimentally,  the  ratio  el/il  was  calculated  as 
el/ (2*pi-»f  *C*vl )  .  The  variable  C  is  the  capacitance  of  the 
condenser  microphone,  vl  is  the  voltage  drop  measured  across 
the  condenser  microphone  when  it  is  acting  as  a  source,  and 
el  is  the  voltage  across  the  condenser  microphone  when  it  is 
acting  as  a  receiver.  In  this  chapter,  the  term  "condenser 
microphone"  is  used  in  the  sense  that  includes  the  BNC 
electrical  connection  between  the  microphone  cartridge  and 
the  external  electronics.  The  frequency  transfer 
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characteristics  of  the  lock-in  analyzer  will  cancel  out  in 
the  ratio  of  the  measured  voltages.  Any  error  involved  will 
result  from  nonlinearity  in  the  lock-in  analyzer  and  the 
inability  to  exactly  measure  capacitance  and  frequency. 

The  methods  used  in  measuring  these  parameters  and  the 
determination  of  their  individual  contribution  to  the 
overall  experimental  error  is  presented  next.  A  summary  of 
the  individual  contributions  to  the  probable  error  in  the 
plane  wave  resonant  reciprocity  calibration  is  shown  later 
in  this  chapter  (in  section  D,  part  5). 


2*  Ma«suring_th*_Rati_g_5l/il 
a.  Th«  Electrical  Circuit 


Figure  3.4  illustrates  the  signal  -flow  involved  in  the 
determination  at  el,  and  figure  3.5  is  the  schematic  of  the 
circuit  used  to  measure  ei. 


Signal  Pre-amp 


Figure  3.4  Receivi.ng_Signal_Fl,gw_Charti 

Here  we  see  the  signal  path  from  the  received  signal  to 
the  measured  voltage.  In  electrical  terms  the  input  circuit 


Microphone 


Bias  box 


Signal  preamplifier 


Figure  3.5  Bs£si^L29_§i.gna^_XnBut_Ci_rcux_t 


The  circuit  elements  (with  approximate  values^  and 
parameters  of  interest  -found  in  this  circuit  are; 
el  -  Signal  voltage  desired. 

Vout  -  Output  voltage  of  the  Signal  Pr eamp i i f i er . 

Rb  -  Current  limiting  resistor  in  the  bias  Voltage 
Supply.  (^IC'megohm) 

Cc  -  D.C.  Blocking  capacitor  in  the  Bias  Voltage 
Supply.  (~.01uf) 

Cb  -  Battery  bypass  for  battery  noise.  ^^.Olufi 
01  i  -  Connecting  cable  capacitance.  ('^40  pf 
do  -  Connecting  cable  capacitance.  ("^80  pf  ) 

Cl  -  Preamplifier  input  capacitance.  (  '20  pf  ) 

El  -  Bias  voltage  C'llS  volts) 

Ri  -  Preamplifier  input  resistance.  (■'I'.i  Megormi 
Vin  -  IrpLt  voltage  to  the  preamplifier. 

-  Gain  of  the  pr eamo 1 i + i er .  <~10) 
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Figure  3.5  is  an  abstract  electrical  model  of  the  real 
physical  system  used  to  process  the  electrical  signal 
generated  by  the  condenser  microphone.  It  represents  a 
compromise  between  conflicting,  factors  of  simplicity  and 
accuracy  that  must  be  addressed  from  both  the  experimental 
and  the  theoretical  standpoint.  Numerically,  using 
available  computer  software,  it  is  possible  to  determine  the 
"transfer  function"  of  such  a  lumped  parameter  circuit  with 
relative  ease.  The  difficulty  arises  when  accurate  modeling 
is  attempted  and  every  stray  capacitance,  resistance,  and 
inductance  is  measured  and  included  in  the  model. 
Experimentally,  such  an  approach  is  difficult  to  apply  and 
is  not  necessary  in  every  case. 

The  circuit  analysis  is  simplified  wnen  the  relatively 
small  drop  in  signal  voltage  across  the  bloci:ing  capacitor, 
Cc ,  in  figure  3.5,  is  accounted  for  by  a  one  time  correction 
to  the  final  microphone  sensitivity.  To  see  how  this  is 
done,  refer  to  figure  3.5  and  consider  the  signal  '.ol  tage 
that  would  be  measured  on  each  side  of  the  D.C.  blocking 
capacitor,  Cc.  The  effect  of  the  blocking  capacitor 
impedance  on  the  magnitude  of  "Vin"  depends  upon  the 
magnitude  of  the  input  impedance  of  the  si gnar*  preampl i f i er 
formed  by  the  parallel  combination  of  "Clo",  "Ci",  and  "F: 

By  simple  voltage  division,  using  tne  lumpe.d  parameter 
values  given  for  ‘■hese  .devices  under  figure  3.5,  the  ratio 


-  isa  - 


laboratory  standard  microphones  were  measured  with  a  Hewlett 
Packard  4192A  LF  Impedance  analyzer  calibrated  to  the  same 
reference.  The  results  of  these  measurements  are  listed  in 
table  3.2  below. 


Bias  box  "A"  plus  the 
capacitance  (BTAR  Ct ) . 

cable 

[ samp  1 e 

151.900  pf 

preci 
si  gmd 

.  U  Z8 

31  on 
(pf  )  1 

( n=6 ) 

Bias  box  "B"  plus  the 
capacitance  <ATBR  Ct ) . 

cabl  e 

150. 070 

.012 

(n=5 ) 

W.E.640AA  Serial  #1248 
(with  the  "#1248"  BNC 

connector ) 

52. 160 

.  002 

( n  =  1  3  ) 

W.E.640AA  Serial  #1082 
(with  the  "#1082"  BNC 

connector ) 

51.974 

pf 

.  002 

( n  -  1  3  ^ 

W.E.640AA  Serial  #t)815 
(with  the  "•#C'ai5"  BNC 

.  49.^64 

P  ^ 

.  008 

n  =  1  3  ) 

connector ) 

Table  3.2  d§3sur ed_capac i_tance5_gf _b i_as_box es_ar d 
m^cr oghones^ 

■since  the  input  capacitance  cf  the  signal  preamp!  i  - ;  er 
will  vary  from  amplifier  to  amplifier,  the  rciiowing  r.e'tiic 
was  used  to  calculate  the  input  capacitance  ^-cr  each 


reamplifier  used  in  the  experiment. 


b.  Maasuring  Tha  Input  Capacitance  of  Preamplifiers 
The  specifications  of  the  preamplifiers  used  in  this 
experiment  gave  the  input  capacitance  as  a  nominal  20  to  30 
picofarads.  Since  the  capacitance  of  the  M.E.640AA 
condenser  microphone  was  approximately  50  picofarads,  any 
error  in  the  determination  of  the  preamplifier  input 
capacitance  on  the  order  of  1/10  picofarad  Mas  significant 
and  tha  rough  value  given  in  the  equipment  specifications 
Mas  grossly  inadequate.  Refer  to  the  circuit’  shoMn  beloM. 


Zv  Zi 


Figure  3.7  Circui t_used_tg_(neasure_the_i,nBut 
capacitance  of  signal  preamplifiers. 

Straightf orMard  voltage  division  Mill  yield  a  solution  for 
Vo.  Whan  this  solution  is  combined  Mith  the  gain, 
Vgs*Zi*Va*G/CZi+Zv3.  When  this  solution  is  inverted. 


Equation 


[v<h J  j  L  Vs  ^  J 

Zv  is  the  impedance  o-f  the  variable  capacitor  in  the  input  ( 
1/CjmCv3  ),  and  Zi  is  the  input  impedance  of  the  cable  and 
preamplifier  combination  (  Ri/Cl  +  Ri * jw*<Ci +C1 J 1  )•  Typical 
circuit  parameters  used  for  this  circuit  were: 
frequency  =  1000  Hz. 


Cl 

'  4  pf 

Cl 

~  25  pf 

G 

10 

Cv 

4  -  60  pf 

Csee  table  3.33 

Vg 

~  variable 

Vs 

~  variable, 

on  the  order  of  10  millivolts. 

Ri 

10  megohm 

,  uncertainty  estimated  at  1*/.. 

This  IS  the  form  of  the  equation  for  a  straight  line, 
Y=aX+b.  If  individual  values  of  1/Vg  and  1/Cv  are  fit  by  the 
.east  squares  error  method  to  a  straight  line,  the  values  of 
"a"  and  "b"  can  be  calculated.  The  resultant  absolute  value 
of  the  ratio  of  a/b  equals  the  magnitude  of  1/CjwZiJ. 
Individual  "boxes"  with  different  values  of  Cv  were 
constructed  and  calibrated  so  that  as  large  a  range  of 
values  as  possible  would  be  available  for  the  least  square 
error  analysis.  The  following  table  lists  the  capacitance 
values  measured  for  these  individual  boxes  using  the  same 
General  Radio  Type  1615A  capacitance  bridge  previoLisly  i.  sed 


to  obtain  the  bias  bo;:  capaci  tances. 


Box  # 

capacitance (pf ) 
(average) 

Precision 
(Sigma  using 

two  samples) 

1 

3.6128 

.001 

2 

9.7036 

.0005 

3 

11.021S 

.0031 

4 

1 1 . 9826 

.0005 

5 

13.9331 

.002 

6 

Not  used  due  to 

thermal  instability. 

7 

14.9932 

.0005 

8 

20.3938 

.003 

9 

22.3042 

.0005 

10 

61.4390 

.0005 

Table  3.3  Measured  values  ot  capacitance  boxee 

used  as  “Cv”  in  the  determination  o-f  preamplifier  input 

capacitance. 

The  capacitors  listed  above  were  selected  for  their 
thermal  stability  and  were  observed  to  remain  stable  to 
within  the  precision  obtained  above  for  the  laboratory 
temperature  range  of  19-22  degrees  centigrade. 

When  the  values  for  "a”  and  "b"  are  obtained  via  least 
square  error  analysis,  the  solution  for  the  total  input 
capacitance  is  given  by: 


Ct  =  17  - 


Equation  3.4 


^  uncartainty  in  tha  result  obtained  for  Ct  is  given  by 


The  results  obtained  with  the  least  square  error  linear  fit 
using  the  method  described  above  are  given  in  the  tables 
beloM.  The  ultimate  uncertainties  in  Ct  are  due  largely  to 
the  IX  estimated  uncertainty  in  Ri. 


The  following  data  have 
3  significant  figures 
and  are  in  picofarads. 


Ithaco  1201  Ser. #63594 
(XIO  setting,  Ri'^lOO  Mohms) 

data 

1  run  #1 

data  run  #2 

chan  "A" 

Ca/bl= 

22.9081 

22.9463 

chan  "B" 

Ithaco  1201  Ser. #61783 
(XIO  setting,  Ri~100  Mohms) 

Ca/bl™ 

24.6444 

24.6597 

chan  "A" 

Ca/b3= 

23.6920 

23.6938 

chan  "B" 

Hewlett  Packard 

Type  465A  Lab  Serial  #  95 

Ca/b3=> 

26.0170 

26.0228 

(lab  B  side  XIO  setting) 
Hewlett  Packard 

Type  465A  Lab  Serial  #  93 

Ca/b3= 

29.6300 

29.6302 

(lab  A  side  XIO  setting) 

Ca/b3» 

28.9561 

29.0806 

Note:  The  value  of  the  "cable"  capacitance,  Cl  »  1.926  Pf. 


Table  3.4  Measured  ratios  for  Ca/bl 
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With  the  Bxperimantal ly  detsrminBd  values  -for  Ca/bl,  the 
value  o-f  the  preampl i-f ier  input  capacitance,  Ci  can  be 
determined. 


Signal  Preampl  if  ier /Ci  <pf ) /sigma  (pf ) /''standard  sigma"/P.E.  (ppm) 

values  of  Ci  have  3  significant  figures 

Ithaco  1201  Ser. *63394 
<X10  setting) 


chan  A  20.946 

.088 

20 

ppm 

A# 

4201 

chan  B  22.675 

.088 

20 

ppm 

3880 

Ithaca  1201  Ser. *61783 

■ 

(XIO  setting) 

chan  A  21.793 

.088 

20 

ppm 

4038 

chan  B  24.045 

.088 

20 

ppm 

3660 

Hewlett  Packard 

Type  465A  Lab  Serial  *95 

(lab  B  side  XIO  setting)  23.067 

.  148 

20 

ppm 

6416 

Hewlett  Packard 

Type  465A  Lab  Serial  *93 

(lab  A  side  XIO  setting)  22.338 

.  145 

20 

ppm 

6491 

Average  probable  error  for  the  input  capacitance  4780  ppm 


Table  3.5  Qal cu^at ed_inBut _cagac i t ancBS_f or _si.gna^ 

Brearngl^if  iers_used_in_exBerifnenti 

When  the  signal  preamplifier  input  capacitances  so 
determined  are  included  in  the  circuit  analysis,  the  circuit 
can  be  further  simplified  as  shown  in  the  following 


section 


c.  The  Calculation  of  •! 

Rafarring  back  to  figura  3.6,  tha  total  input  resistance 
and  the  total  input  capacitance  can  be  combined  in  a  complex 
impedance,  Zt.  The  value  of  Zt  is  given  by. 


z 


T 


Rr 


Equation  3.6 


The  values  for  Rt  and  Ct  are  given  by. 


Equation  3.7 


Nom  the  circuit  becomes 


J  -  J- 


Equation  3.9 


and  the  imaginary  part  is, 


u)  R-t  Civ\ 


Equation  3.10 


The  solution  -for  the  magnitude  o-f  el  -for  this  circuit  is, 


ei.:  V.N  [l+ 

\ 


^  \j0  Rt  J 


Equat ion  3.11 


Nominal  values  for  the  parameters  in  this  equation  were; 

Ct  ~  170  pf. 

Cm  ~  50  pf. 

Ri  ""  10  Megohms. 


Refer  ahead  to  figure  3.9  to  relate  the  signal  amplifier 
input  to  the  final  "voltage"  sent  via  the  "Hewlett  Packard 
Interface  Bus"  <HPIB)  to  the  HP-a5  computer.  The  output  of 
the  signal  amplifier  is  equal  to  the  input  multiplied  by  the 
amplifier  gain.  This  same  amplifier  output  voltage,  Vout , 
IS  then  the  analog  input  voltage  to  the  52(!'4  loct  in 


analyzer  where  it  is  scaled  by  the  gain  setting  o-f  the  PAR 


5204  lock-in  analyzer,  "B",  and  sent  to  the  data  acquisition 
system.  Due  to  the  design  of  the  lock-in  analyzer,  the  gain 
setting  of  "B"  is  selected  so  that  the  acquisition  input  has 
a  range  of  values  of  from  0  to  1.15  volts.  This  data 
acquisition  system  is  HPIB  compatible  and  is  in  turn  sampled 


The  inverse  of  this  path  gam  is  computed  to  determine 
the  value  of  Vin  when  Vdata  is  known.  Thus,  the  analog 
voltage  "Q*Vin"  is  obtained  by  multiplying  "Vdata"  by  the 
gain  setting,  "B". 


[_G,XV,w)=  [6][V4^T*] 


Equation  3.1 


Solving  -for  Vin  and  substituting  into  equation  3.11  we 
obtain  the  received  signal  voltage  in  terms  o-f 
experimentally  measured  parameters: 


Prior  to  computing  the  ratio  el/il,  we  must  next  discuss 
the  calculation  ot  the  transmitting  current,  il. 


d.  Th«  Calculation  of  i 1 

Tha  driva  currant  for  tha  sourca  microphona  is  estimated 
from  a  knowledge  of  tha  microphona  capacitance,  tha  bias 
voltage,  and  the  drive  voltage  seen  across  the  source 
terminals. 


Va 


Equation  3.14 


Using  a  constant  value  of  capacitance  to  modal  tha 
microphone  neglects  tha  effect  of  the  motional  impedance  on 
the  ratio  of  Cel/ill  for  the  condenser  microphone.  (After 
tha  fact,  it  was  determined  that  thm  ymJu»  of  il  should  hays 
bean  mxper imantal ly  maasursd  and  not  calculatad.  However, 
tha  following  explains  what  was  actually  done.) 

The  drive  voltage  across  the  source  microphone's 
terminals  that  is  used  for  the  computation  of  il  is  not  the 
drive  voltage  that  the  computer  program  "asks"  for  but 
rather  is  a  resultant  of  the  "asked”  for  voltage  and  the 
signal  path  transfer  function  between  the  signal  function 
generator  and  the  microphone.  This  discrepancy  is  corrected 
by  using  an  experimentally  determined  least  squares  fit  to 
"ask"  vs  "get"  data.  The  circuit  shown  below  is  the  circuit 


used  to  obtain  the  "ask"  vs  "oet"  data  needed 
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Using  the  data  experimentally  measured  in  this  fashion, 
we  have  a  series  of  estimates  of  "Vget"  that  use  acceptable 
straight  line  approximations  to  the  transfer  function  for 
short  segments  of  frequency. 

Equation  form:  Vget  =  C  K ( f )  ]»Vask 


0 

hz<f  < 

520 

hz 

Vget  =  C.9278  +4. 

979E-5*f ]*Va5k 

520 

hz'- 

;f ; 

1 020 

hz 

iprobable  error 
Vget  =  C.9516  +4. 

"  450  ppmi- 
163E-6*’f  ]*Vask 

1020 

hz  ^ 

f 

1510 

hz 

i.probable  error 
vget  =  C.9541  +1. 

~  310  ppmj 
714E-6*f l*Vask 

1510 

hz 

:  f 

250f> 

hz 

Cprobable  error 
Vget  =  r . '-558  +6. 

~  410  ppml 
lZ2E-7*f  D+Vask 

250(;i 

hz 

:  f 

9999 

hz 

Iprooable  error 
Vget.  =  £.'9568  -t-2. 

386  ppm] 
224E-7»f  J*Vask 

tquat 1 ons 


Iprooable  error  ^  269  ppmJ 


The  next  correction  we  must  include  in  order  to 
accurately  calculate  the  drive  current  is  the  observed 
increase  in  capacitance  of  the  source  microphone  which 
occurs  with  an  increase  in  bias  voltage. 

While  the  capacitance  of  the  source  microphone  is 
primarily  a  function  of  its  dimensions,  the  electrostatic 
force  between  the  backplate  and  the  diaphragm  of  the 
condenser  microphone  as  a  result  of  the  applied  bias 
voltage,  will  cause  a  displacement  of  the  microphone 
diaphragm  away  from  the  unbiased  equilibrium  position.  This 
change  in  the  separation  between  the  diaphragm  and  the 
backplate  will  cause  a  slight  increase  in  microphone 
capacitance  relative  to  the  "no  bias"  capacitance.  This 
slight  change  (~.3'/,)  is  easily  measured  and  is  tabulated 
below.  The  data  were  obtained  using  the  internal  bias 
supply  voltage  and  the  standard  functions  available  on  the 
Hewlett  Packard  HP-4192A  LF  impedance  analyzer. 

Approximate  solutions  for  Mo  are  obtained  for  che 
W.E.640AA  microphones  using  the  change  in  capacitance  vs 
bias  voltage  data.  The  theory  and  results  of  such  a 
calculation  are  shown  in  Appendix  F. 


For  U1.E.640AA  TYPE  "L"  laboratory  standard  microphones. 
Measured  values  are  uncorrected  HP-4192A  readings. 

Bias  ■  Measured  C/delta  C  Bi as '2 

(volts  D.C.)  (all  values  in  P-f .  )  ivolts  2. 


#1082 


W.E.640AA  Serial  #'s 

#1248  #0815 


-35 

56. 790/. 030 

56. 990/. 045 

54. 842/. 072 

t  '-i-.cr 
1 

-30 

56. 785/. 025 

56. 980/. 035 

54. 820/ . 050 

900 

—25 

56. 780/. 020 

56. 970/. 025 

54. 805/. 035 

625 

-20 

56. 770/. 010 

56. 960/. 015 

54. 790/. 020 

400 

-15 

56. 765/ . 005 

56. 955/. 010 

54. 785/. 015 

225 

-10 

56. 763/ . 003 

56.950/ . 005 

54. 775/. 005 

100 

0 

56. 760/. 000 

56. 945/. 000 

54. 770/. 000 

+  10 

56. 763/. 003 

56.950/ . 005 

54. 775/. 005 

1 00 

+  15 

56. 765/. 005 

56. 955/. 010 

54. 788/, 018 

225 

+20 

56. 770/. 010 

56.958/ .013 

54. 793/ . 023 

40'.' 

+25 

56. 775/. 015 

56.970/. 025 

54.309/ . 033 

625 

+30 

56, 780/  .  020 

56. 980/. 035 

54.323/ . 053 

9(;)0 

+  35 

56, 790/, 030 

56 • 990 / . 045 

54.342/ . 075 

1  2  25 

correction  -for  mounting  traded  - 

corrpj*  I  .r.  ■  :  r  :  a  t  ;  on  HF'-4192A  =  -fO.OOSCpf) 

■^ntal  correction  required  =  -4.7a6(p+) 


Table  j.6  Mea5ured_change_i_n_cagacitance_due_tg 


Due  to  the  possibility  o+  damaging  tne  HF-4t92A  L‘- 
impedance  anal/rer,  it  was  impractical  to  measure  the  .rharga 
in  capacitance  due  to  the  applied  bias  whpn  the  W.E.64''t.p 
microphones  were  biased  at  their  evrper  i  menral  bias  m  1 2 
volts.  A  linear  least  squares  ^  t  to  the  data  shown  aDc,.e 
was  used  to  extrapolate  an  estimate  ot  the  change  i  i 
microphone  capacitance  which  resulted  trum  the  applied  bias 
-oltage.  The  equations  so  obtained  tiad  the  icrr, , 


Equation  3.16 


Individual  correlation  coe-f-f icients  o-f  .985,  .996,  and  .999 
were  obtained  -for  the  bias  voltage  capacitance  correction 
equations  given  below  -for  W.E.640AA  microphones  with  serial 
numbers  #1082,  #1248,  and  #0815  respectively.  The 

uncertainties  in  the  slopes  and  intercepts  so  obtained  are 
given  as  "delta  a"  and  “delta  b"  respectively. 

delta  Cl  -  C2.4731  E-53*V''2  +  3.1668  E-4  (pf) 

(#1082)  delta  “a"  1.2E-6,  delta  "b"  8.03E-4 

delta  C2  »  C3.6615  E-5]*V‘'2  +  1.0404  E-3  <p-f)  Equations  3. 

(#1248)  delta  "a"  1.6E-6,  delta  "b"  l.lE-4 

delta  C3  »  C5.9254  E-5]*V''2  +  2.3190  E-4  (pf) 

(#0815)  delta  "a"  8.2E-7,  delta  ”b"  ~  5.5E-4 

At  a  nominal  bias  voltage  of  117  volts,  the 

capacitance  corrections  expected  due  to  the  bias  voltage  are 
on  the  order  of  one  percent  and  are  significant  to  the 
overall  calibration. 

Thus,  we  can  calculate  the  value  of  il  as, 
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and  the  equation  for  el/il  becomes 


Equat i on 


[an-tN]  [  C^trvx  + 


The  probable  error  in  the  ratio  el/il  may  now  be  calculated 
provided  the  probable  errors  associated  with  the 
preamplifier  gain,  G,  the  measured  resonant  frequency,  fn, 
and  the  non-linearity  in  el/vl  due  to  the  lock— in  analyzer 
are  available.  An  analysis  of  these  probabl e’ err ors  will  be 
included  in  the  next  four  sections. 


■.  liaasuring  Tha  Signal  Praamplitiar  Sain,  G 
Two  di-f-farant  signal  praampl i-f iars  wara  available  -for 
usa  in  this  axparimant.  Thasa  wara  tha  Hewlett  Packard  type 
465A  ampli-Fiar  and  tha  Ithaco  modal  1201  low  noise 

preamplifier.  Both  amplifiers  wara  used  at  a  nominal  gain 
of  "10"  but  were  ax pari mentally  observed  to  have  different 
gain  stability  characteristics.  Since  tha  duration  of  a 
typical  experimental  "run"  averaged  eight  hours,  it  was  of 
paramount  importance  that  tha  drift  in  tha  signal  gain  be 
minimized  over  this  time  period.  Both  amplifiers  had 
expari mental  advantages;  tha  HP-465A  had  tha  lowest  drift 
rate  and  was  selected  for  use  in  tha  plana  wave  resonant 
reciprocity  experiment.  The  Ithaco  1201  had  an  internal 
battery  power  supply  which  greatly  reduced  cross  talk  and  60 
cycle  hum  during  tha  later  free  field  reciprocity 
calibrations.  The  circuit  used  to  maasure  tha  gain 
experimentally  was  controlled  by  the  HP-S5  computer  and  is 


shown  below 


Figure  3.11  Qircui_t_used_to_measure_amBl_i£i_er 
gai.n^ 

In  the  above  circuit,  after  establishing  a  constant  rms 
voltage  output,  the  function  generator  was  directed  b/ 
computer  to  step  through  tne  frequency  range  of  interest 
<200-6000H2)  at  intervals  of  100  Hz.  At  each  frequency  the 
output  voltage  was  measured  by  the  locl;-in  anal  yzer /data 
acquisition  and  control  unit  and  stored  in  a  computer 
array.  Ne>;  t  ,  the  amplifier  was  inciuaed  in  the  circuit  and 
the  procedure  was  repeated.  The  entire  procedure  was 
repeated  several  times  to  obtain  an  estimate  q+  precision 
for  the  array  data.  The  gain  of  HP-465A  amplifiers  was 
calculated  by  comparing  the  two  arrays  and  the  results  are 
Thown  in  figures  3-12  and  3.13  below. 
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f.  Measuring  Non-Linearity  in  The  Lock-in  Detector 
The  non-linearity  in  the  lock-in  detector  was  measured 
using  the  circuit  shown  in  -figure  3.14  below. 


Figure  3.14  Circuit  used  to  determine 
non-linearity  in  the  lock-in  detector. 

Experimental  determination  of  the  linearity  of  the  lock-in 
detector  found  that  the  fractional  error  varied  as  a 
function  of  what  portion  of  the  scale  was  used  to  measure 
the  data.  Since  the  computer  program  dynamically  sought  to 
run  the  source  until  the  receiver  was  at  ~  90  /i  of  full 
scale,  the  linearity  at  that  scale  position  was  measured  and 
used  in  the  error  calculations.  Two  different  ratio 
transformers  were  used  to  determine  the  linearity  of  the 


All  data  was  obtainad  at  1000  hz ,  so  that  ths  limits  o-f  ths 
ratio  trans-formars  would  not  ba  axcaadad. 

Trans-formar  sarial#  304 

trans-formar  ratio  voltaga  ratio  -fractional  error  (ppm) 


.  1 

.097117 

- 

29700 

.2 

. 206237 

+ 

30300 

.3 

.  307339 

+ 

23900 

.4 

. 398773 

- 

3080 

.3 

. 497208 

- 

3620 

.6 

. 397663 

- 

3910 

.7 

.698417 

- 

2270 

.8 

. 800030 

+ 

063 

.9 

.900181 

+ 

201 

Table  3.7  Linearity  data  obtained  using  ratio 
trans-formar  serial  #  304 


As  shown  on  the  next  page,  a  di-f-ferent  ratio  transformer  was 


used  to  obtain  a  comparison 


1 

1 

» 

.\v 

All  data  was 

obtained  at  a  frequency  of  1000  he  so 

that  the  limits  of  the  ratio 

transformer  would  not  -*■-*-* 

be  exceeded. 

• 

» 

• 

f 

•.d 

Transformer 

serial#  572 

iV> 

•'i' 

transformer  ratio 

voltage  ratio 

fractional  error  (ppm) 

k 

v^l 

.  1 

. 096869 

-  32300 

1 

V 

-  ■ 

.2 

. 199362 

3200 

*»i* 

•  3 

.300154 

+  3000 

.4 

. 399208 

1980 

7^.- 

.5 

. 499039 

1926 

.  6 

.598614 

2315 

r.1^ 

.  7 

. 700138 

+  197 

-■ 

1 

-w 

.8 

. 798215 

2236 

.9 

. 898320 

1870 

Table  o-.S  !=;iQea!lity_s®t§_9^t®iQ®d_usi^ng_rat i^o 

t!!l^Q§i9C2§!l_5®!I.i§l_?_523 

Since  the  linearity  o-f  these  ratio  transformer? 
nominally  is  on  the  order  of  10  ppm,  the  fractional  error 
due  to  nonlinearity  in  the  signal  flow  through  the  locf-in 
detector  is  from  "^200  to  ’^1800  ppm  depending  upon  which 
ratio  transformer  is  accurate.  An  estimate  of  14<j';i  ppm  wi  1  . 
be  used  for  the  probable  error  in  the  linearity  of  ttie 
s/stem  near  full  scale  and  ~  7-700  ppm  near  half  scale. 


g.  Computation  o-f  Thm  Probablm  Error  in  ml/il 
For  tha  purposa  o-f  arror  analyaia,  tha  a-ffect  of  tha 
Cw-^Rt-aCffl]  tarm  in  aquation  3.19  is  ralativaly  small  sines 
tha  naglactad  term  is  at  worst  ona  ordar  of  magnitude 
smaller  and  normally  two  orders  of  magnitude  smaller  than 
the  Cl  Ct/Cml  tarm.  As  a  result,  its  contribution  to  the 

overall  arror  will  also  be  smaller.  Equation  3.19  is 
therefore  rewritten  for  tha  purposa  of  arror  analysis  as: 


/  \  I 

i  k  Cf )  VAs^  / 1 


\  -4- 


Equation  3.20 


Tha  relative  error  in  el/il  can  now  be  more  easily  computed 


When  it  is  noted  that  the  contribution  to  the  error  due  to 
the  resonant  frequency  will  not  apply  to  the  total  error  in 
the  open  circuit  receiving  voltage  sensitivity,  Mo,  due  to  a 
cancellation  from  the  resonant  frequency  in  the  numerator  of 
Jo,  we  can  exclude  the  relative  error  due  to  the  resonant 
frequency,  note  that  the  scale  factor  B  is  a  constant,  and 
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rewrite  the  relative  uncertainty  in  Cel/il3  as, 


S® 

(g) 


I  VJll^T4\ 
I  Vti«r/ 


^  ) I 


Equation  3.22 


The  error  in  the  voltage  ratio  will  come  -from  two  sources; 
the  uncertainty  in  Vget ,  as  a  result  of  the  inexactness  of 
K(f)»Vask,  and  the  uncertainty  due  to  the  nonlinearity  in 
the  voltage  ratio  resulting  from  the  non-1 i near i ty  in  the 
lock-in  analyzer.  Using  the  results  from  the  previous 
section  and  the  experimental  determination  of  the 
inexactness  found  for  K(f)»Vask  (shown  in  equations  3.15), 
we  have, 


5( 


/  V  (UtA 


/  VdiM»\ 
\  ) 


Equat 1  on 


The  uncertainties  due  the  capacitance  terms  are  computed 
next.  Let  the  result,  W,  be  defined  as: 


=  trv\ 


Equat 1  on 


184 


Strai ghtf orward  error  analysis  yields, 


with , 


1 


Equation  Z.2i 


and , 


Substitution  o-f  equations  3.26  and  3.27  into  eqi..atian  3.23 
and  subsequent  division  by  equation  3.24,  the  fractional 
uncertainty  due  to  capacitance  terms  is  obtained. 


Equati on 


With  nominal  values  of  Ci ,  Cm,  delta  Ci  and  delta  Cm  taken 
from  the  combination  of  of  data  within  tables  3.2  and  3.4  we 


obtain , 

CT  178  pf  (total  of  Clo,  Cl  i  ,  and  Cm  ref.  figure  3.5 
Cm  ~  S2  pf 
delta  CT  ~  .15  pf 
delta  Cm  ~  .002  pf 


Upon  substitution  into  the  equation  for  the  relative 
uncertainty  due  to  the  capacitance  terms,  these  figures 
yield: 


W 


Equation  3.29 


Calculating  the  uncertainty  in  el/il  due  to  uncertaint/ 
in  capacitance,  uncertainty  in  the  voltage  ratio  and 
uncertainty  in  the  preamplifier  gain,  we  obtain. 


Next  we  will  consider  the  measurement  of  the  voltctge 


ratio  Vca/Vcb. 


3.  Th»  M»a«ur»m«nt  o-f  Vca/Vcb 

R«f»r  to  th«  comparison  voltags  signal  -flowpath  shown  in 
figur*  3.3  and  rsproducad  balow. 


Figure  3.3  Signal  flow  path  for  comparison 
voltages 

Since  the  signal  path  for  the  measurement  of  both  "Vca"  and 
"Vcb"  is  identicai,  only  the  ratio  of  these  measured 
voltages  is  important.  As  such,  the  non-linearity  of  the 
lock  in  analyzer  will  determine  the  error  contributed  by 
this  ratio.  Mhen  the  non-linearities  measured  using  the 


Gertsch  ratio  transformers  are  examined  in  table  3.7  and 


4 .  Calculating  Th»  Raciproci ty_F«ctor  "J" 

Ra-far  to  aquation  2.40  which  is  reproducad  imfflediately 


balow. 


Ye.  Qn 


Equation  2.40 


Exparifliantal  calculation  o-f  tha  raciprocity  -factor,  Jo, 
required  the  ffleasurement  o-f  -five  experimental  parameters. 
These  are  the  atmospheric  pressure,  the  resonant  frequency, 
the  quality  factor  of  each  modal  resonance,  the  ratio  of 
specific  heats  for  the  gas  within  the  cavity,  and  the  cavity 
volume.  Two  other  axparimantal  parameters  varied  over  the 
course  of  the  experiment  and  required  measurement  in  real 
time.  These  parameters  were  the  temperature  and  the 
relative  humidity.  The  relative  humidity  and  temperature 
will  cause  a  change  in  the  ratio  of  specific  heats  CRef.251, 
and  any  temperature  change  affects  the  speed  of  sound  and 
hence  the  resonant  frequency  obtained.  A  discussion  of  the 
means  used  to  measure  all  of  these  parameters  will  be 
presented  next. 


Changes  in  the  ambient  pressure  were  monitored  using  a 
high  precision  MKS  Baratron  pressure  head  sensor,  model  270 
with  a  HS6-1500  puri-fying  di-f-fusion  pump,  type  162  all  o-f 
which  then  was  calibrated  by  comparison  to  the  ambient 
pressure  at  the  experimental  altitude.  The  absolute 
re-ference  was  provided  as  data  determined  by  the 
Meteorological  Department  at  the  Naval  Postgraduate  School. 
The  data  was  available  at  15  minute  intervals  and  was 
compared  over  roughly  one  weeks  time.  The  '  correction  so 
determined  was  applied  to  the  output  of  the  Baratron 's 
associated  electronics  signal  as  measured  by  the  Hewlett 
Packard  3456A  digital  voltmeter.  Refer  to  figure  3.15  below 
for  a  sketch  of  the  pressure  sensor  signal  path. 
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reference 

The  precision  o+  this  pressure  reading  is  observed  as 
deviations  tram  the  least  square  tit  to  a  straight  line. 
The  deviations  range  trom  .1  mbar  to  1.2  mbar  and  tre 
average  value  is  ~  .25  mbar.  It  the  systematic  error  is 
taken  as  the  claimed  accuracy  ot  the  Naval  Postgraduate 
School  reference,  t"“.2  mbar>  the  probable  error  in  pressure 


IS  ~  319  ppm. 


b.  Uncartainty  in  Rasonant  Fraquancy  and  Quality  Factor 
Plana  wava  longitudinal  raaonancaa  in  tha  "short" 
cylindrical  cavity  wara  samplad  and  analyzad  using  tha  laast 
squara  arror  ravina  procass  rafarrad  to  in  stap  6  o-f  part  C 
in  this  chaptar.  Tha  inaccuracias  -found  in  maasuring  tha 
quality  -factor  ganarally  incraasa  Nith  tha  sharpnass  o-f  tha 
rasonanca.  Sinca  tha  short  tuba  had  highar  Q's  -for  its 
modal  rasonancas,  it  was  salactad  -for  this  axparimantal 
datarmi nation  o-f  tha  pracision  o-f  Fn  and  Qn.  As  such,  the 
-fractional  error  in  Qn  -found  using  tha  short  tuba  will  be 
tha  upper  bound  on  the  determination  o-f  the  -fractional  error 
in  Qn  -for  tha  axparimantal  calibration.  Thera  is  no 
axparimantal  reason  to  expect  any  difference  in  the 
precision  found  for  Fn  determined  in  the  long  tuba  compared 
with  that  determined  in  the  short  tuba.  It  must  ba  noted, 
however,  that  tha  fractional  arror  in  tha  determination  of 
resonant  frequency  does  not  enter  into  the  calculation  for 
the  open  circuit  receiving  voltage  sensitivity  shown  in 
equation  3.1  since  the  resonant  frequency  in  the  denominator 
of  the  ratio  found  for  el/il  is  cancelled  by  the  resonant 
fraquancy  found  in  the  numerator  of  the  reciprocity  factor, 
J.  Tha  analysis  that  follows  for  tha  probable  arror  in  Fn  is 
included  only  for  completeness.  Tha  transducers  used  as 
source  and  receiver  for  these  measurements  were  type 
W.E.640AA  condenser  microphones  mounted  in  the  ends  of  the 
plane  wave  resonant  cavity. 


Normally,  thm  computmr  program  that  control Imd  thm 
•xpmrimmnt  causmd  first  onm  condmnsmr  microphonm  to  act  as  a 
sourcm  and  ths  othsr  as  a  rmcmiver  and  than  SMitchad  tha 
rolas  of  sourca  and  racaivar  so  that  raci procity  data  could 
ba  obtainad.  To  datarmina  tha  pracision  of  tha  numarical 
algorithm  that  obtainad  a  laast  maan  squara  arror  fit  to  a 
Raylaigh  lina  shapa,  two  such  sats  of  data  wara  still 
obtainad  but  tha  program  was  not  allowad  to  switch  roles 
between  source  and  receiver  after  tha  first  data  sat  was 
sampled.  Sea  figure  3.17  below  for  an  illustration  of  how 
the  Rayleigh  line  shape  was  sampled  around  resonance. 


Figure  3.17  Data  sample  of  a  modal  resonance  from 
which  a  ravine  Fn|Qn,  and  amplitude  are  obtained^ 

With  no  change  in  the  source  or  receiver,  two  such  data 


sets  were  obtained  one  after  the  other. 


After  both  data 


sats  war*  ravinad,  an  immadiata  compariaon  in  rasonant 
■fraquancy  and  quality  -factor  for  tha  moda  undar  inspaction 


was  fflada.  Whan  savaral  modas  wara  samplad  many  timas, 

sufficiant  data  was  avai labia  to  datarmina  tha  pracision  of 
tha  ravina  tachniqua  by  diract  comparison.  Sinca  tha 
raiatiVa  humidity  variad  within  tha  laboratory  on  a  tima 
scala  of  hours  whila  tha  tmmpmrmturm  within  tha  laboratory 
changad  noticaably  avary  faw  minutas,  only  tha  changa  in 
avaraga  tamparatura  as  maasurad  by  tha  tharmistor  shown  in 
figura  3.3,  was  important  for  comparison  purposas  as  tha 
maan  tima  batwaan  data  sat  1  and  data  sat  2  was 
approx imataly  4S  saconds.  Tha  fact  that  tha  spaad  of  sound 
in  an  idaal  gas  is  proportional  to  tha  squara  root  of  tha 
absoluta  tamparatura  was  usad  to  normal iza  all  tha  ravined 
rasonant  fraquancias  to  a  common  tamparatura  of  20  dagraas 
cal si us  for  comparison  purposas.  Thasa  normal izad  resonant 
fraquancias  and  tha  associated  quality  factors  for  three 
selected  modes  are  given  in  table  3.9  below. 


Data  set  1 

Data  set  2 

Fnl  (Hz) 
Hade  6 

Qn  1 

Fn2  (hz ) 

Qn2 

4418.3168 

136.0039 

4418.3753 

1 36 . 0080 

4418.3466 

135.9561 

4418. 3059 

135. 9890 

4418.2921 

135.9326 

4418.2692 

135.9356 

4418.2725 

135.8651 

4418.2368 

135.8540 

4418.2727 

135.9193 

4418.2463 

135.9010 

4418.2624 

135.9017 

4418. 2475 

135. 8697 

Mode  10 

7371 . 1629 

127.7876 

7371.3382 

127.7575 

7371.4691 

127.7841 

7371.4724 

127.7953 

7371.5582 

127.8270 

7371.5235 

127.8268 

7371.5865 

127.8205 

7371.5533 

127.8211 

7371.6375 

127.8591 

7371 . 6006 

127.3483 

7371.6222 

127.8077 

7371 . 5953 

127.3442 

7371.6297 

127.8777 

7371.5867 

127.8813 

7371.6051 

127-8772 

7371.5731 

127,8668 

7371.6250 

127.9132 

7371.5900 

127.9086 

7371 . 6005 

127.8899 

7371.5709 

127.9129 

7371.6039 

127.8869 

7371.5771 

127.3824 

7371.6055 

127. 9279 

7371.5650 

127. 9199 

7371.6589 

127-8962 

7371.6269 

127.7822 

7371 . 6643 

127.798? 

7371.6503 

127.3922 

7371.6837 

127.9431 

7371 . 6636 

127.9464 

Mode  22 

lfal64. 2490 

184.3521 

16164. 621  i 

124.314'' 

16165. 1969 

1-34. 2'’45 

1  6  ;  65. 21'^'6 

104.2566 

1  L  ccr 

*  w  a  ^  ' 

'-■34. 2353 

16165- 4553 

!  S  4  •  ® 

1 6165. 635S 

184.6545 

16165.6152 

134. 7--; 35 

16165.7553 

185.2799 

16165.7331 

«  er  -r  -e  4 

1 6 1 65 .SSI’ 

t  35 . 

6  1  65 .313'’ 

1  ~l  t .  '‘  0^0 

»  '  «  -r  •  -  cr 

136.3843 

16165. 6702 

126.424.,. 

1 61 65.8549 

1 86 . 9020 

16165.7344 

186. P’96 

16165.9372 

187. 4353 

16165. hP2 1 

1  3’  .  5  1  n  1 

16165.9394 

137.9696 

16  1  b5.  Sl’TS 

168.  ■:--2i  1 

Table  3.9  X§!I!E§!15ty!l§_Q5!l!I!§ll£^''i_iIl£12L!^QE.2 
l!l®9y®02i§l_§Q2_t!l’?_H5§92i;5!L22_Sy§Xi2i;_i£!2!l22  =_i22_l' 
di^ferenT  modes. 


In  the  following  twc  graphs  of  the  •  r  s  i  -  \  jna' 

found  between  data  set  1  a-'.d  data  set  2,  '■he  .  -“rti 
13  in  parts  per  .t  i  1  1  ;  on  ppm'.  fractional  err^.r 


PE«CSNTaG£ 

z  5  (Q  (520  XAO-iOCC  7Q  80^  ^  9^  ^9 


Figure  3.  19  Fract i.gnal._errgr_i_n_resonant_Freguencii 

Bl9tted_3n_ergbabiUti;_Baeeri_The_iinear_correlati2D_£9elficiert 

i§_s3!s!^i~t9-i2Z 

^11  the  data  shown  in  table  3.9  was  used.  Since  both  o-f 
the  probability  plots  seem  to  roughly  t i t  a  straight  line, 
the  conclusion  is  that  the  data  sets  have  roughl  /  a  gaussian 
distribution  and  as  such,  the  standard  deviation  is  taken  as 
a  measure  ot  the  precision  of  the  technique.  For  the 
quality  -factor,  the  probable  error  is  then  ISU  ppm.  For 
the  resonant  frequency i  above  results  show  a  probable 


c?rror  of  ^  ppm. 


c.  Calculating  Tha  E-F-fact  o-f  Tha  Non-adiabatic  Boundary 
Condi tiona  Upon  Tha  Sti-f-fnass  o-f  Tha  Gas  Within  The  Resonant 
Cavity 

In  chapter  one,  two  methods  o-f  calculating  the  bulk 
modulus  o-f  elasticity  o-f  tha  gas  within  tha  plana  wave 
resonant  cavity  are  shown  in  aquation  l.Bl.  Tha  starting 
point  of  this  analysis  is  tha  adiabatic  form  of  the  bulk 
modulus  of  elasticity  given  as  tha  product  of  the 
atmospheric  pressure  and  tha  ratio  of  specific  heats  of  the 
gas  within  tha  cavity.  It  will  be  shown  that  the  »ffectiye 
ratio  of  specific  heats  of  the  gas  nithin  th9  plan*  wak* 
rasonant  cavity  will  be  determined  by  the  gas  content,  the 
thermal  properties  of  the  physical  boundaries,  and  the  ratio 
of  volume  to  surface  area  for  the  physical  cavity. 

The  temperature  and  relative  humidity  change  the  ratio 
of  specific  heats  in  an  empirical  equation  determined  by 
Wong  and  Embleton  C Ref. 251.  Their  result  is  given  below. 
The  relative  humidity  (the  mole  fraction  of  water  vapor  in 
humid  air  divided  by  the  mole  fraction  of  water  vapor  in 
saturated  humid  air)  is  given  by  "h"  and  the  temperature  in 
degrees  centigrade  is  given  by  "t'*. 

Y  _  \  ^  ^  013.5') 

r  tT.S’MOi’  4  ‘VS'MdV  Equation  3.31 
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This  squation  will  provids  th*  valus  for  gamma  (the  ratio  of 
specific  heats,  cp/cv)  for  free  field  reciprocity 
calculations. 

In  order  to  consider  the  effect  of  the  non-adiabatic 
conditions  along  the  boundary  of  the  plane  wave  resonant 
cavity,  the  influence  of  the  thin  layer  of  air  in  contact 
with  the  wall  upon  the  stiffness  of  the  gas  within  the 
cavity  must  be  examined.  Since  the  wall  of  the  cavity  is 
made  of  brass,  with  a  thermal  conductivity  four  orders  of 
magnitude  greater  than  air,  and  the  heat  capacity  of  the 
brass  tube  is  four  orders  of  magnitude  greater  than  the  heat 
capacity  of  the  air  contained  within,  the  condition  along 
the  thin  layer  of  air  next  to  the  wall  is  approximately 
isothermal.  The  stiffness  of  this  small  layer  is  therefore 
slightly  less  than  that  of  the  remainder  of  the  air  volume 
within  the  cavity.  The  overall  bulk  modulus  must  therefore 
be  reduced  slightly  to  account  for  this  effect. 

Since  the  ratio  of  specific  heats  given  by  Wong  and 
Embleton  is  valid  many  thermal  layer  depths  away  from  the 
wall  and  the  ratio  of  specific  heats  for  the  isothermal  case 
is  equal  to  one,  the  effective  gamma  is  first  approximated 
by  volume  weighting  the  thermal  layer  with  a  gamma  of  one 
and  the  remaining  air  column  with  the  value  of  gamma  given 
in  equation  3.31.  To  first  order  in  thermal  layer  depth, 
this  yields  an  effective  gamma  as  shown  below. 
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Equat 1  on 


Here,  the  thermal  layer  depth  is  given  by  CRef.  27:  pp- 


Where , 


thus , 


thermal  conductivity  C J/sec*M*degK3 
air  density  CKg/M'"-33 

speci-fic  heat  at  constant  pressure  CJ/'Kg*aegK] 
2*pi  ♦•frequency  Crad/secJ 

( 2 . 5E-3) /sqr {f >  Cmetersl 

1.256E-2  MCshort  tube},  1.718E-2  MClong  tube} 


If  the  end  effects  are  not  neglected,  equation  3.72  must  be 
modified  as  shown  below  where  "L"  is  the  length  of  the 
cavity. 


T-  <C  L  <<  U 


t quat 1  on  3 . 34 


When  the  ends  are  accounted  tor  to  -first  order  in  thermal 


layer  depth,  the  relative  change  in  the  corrected  value  of 
gamma  over  that  which  is  calculated  when  the  ends  are 
neglected  is  .003  percent  and  .01  percent  for  the  long  and 
short  tubes  respectively.  Since  the  simple  model  used  to 
obtain  equation  3.32  yields  an  approximate  correction  to 
gamma  on  the  order  of  0.5  percent,  the  ends  are  neglected  in 
the  following  analysis. 

To  verify  that  the  preceding  analysis  is  correct  to 
first  order  in  thermal  layer  depth,  a  more  precise  anal  ysi s 
IS  required.  When  the  change  from  adiabatic  to  isothermal 
IS  modeled  as  an  exponential  change  following  the  known 
thermal  characteristics  within  the  right  circular  cylinder 
CRef.  283,  and  when  the  boundary  value  fon  gamma  is  matched 
both  at  the  wall  of  the  cylinder  and  within  the  volume,  then 
the  volume  weighting  of  the  adiabatic  bulk  modulus  is 
reflected  in  an  effective  value  of  gamma  given  by, 


hquat  1  on  7. .  75 


And  to  second  order  in  thermal  laver  depth,  the  solLition  ;  =  , 
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Equation  3.36 


I 

This  solution  agrees  with  that  of  equation  3.32  to  first 
order  in  thermal  layer  depth.  This  correction  is  shown 
i  below  as 

1. 

0.998 

I  jm  0.996 

0.994 

I 

0.992 

0.99 

0  1200  2400  3600  4800  6000 

Frequency  (hz) 

Figure  3.20  Corr§ctign_tg_the_rat i^o_of _5gec i^f ^c 

heat  s_due_tg_the_ngn-ad  i_abat  i_c_bgundar;/_cgnd^t  ^gns_w^th  i^n_a_r 

C^r  cul  ar  _bras5_cav^tY_70^1  _cm_l_gng_and_^^73_cm_r  ad^u5j^_f 


a  function  of  frequency  in  figure  3.20. 


i  ■  I 


correction  to  the  ratio 
o  of  specific  heats  due  to 
non-adiabatic  boundary 
conditions 
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with  air. 


This  correction,  applied  to  the  value  of  gamma  and  used 
with  ambient  pressure  to  calculate  the  adiabatic  bulk 
modulus  ,  provides  the  correction  to  the  adiabatic  bull- 
modulus  of  elasticity  due  to  the  non-adi  abatic  boundary 
conditions  within  a  specific  (the  "long"  tube)  right 
circular  plane  wave  resonant  cavity. 

When  the  restrictions  given  for  equation  3.34  apply,  the 
effective  ratio  of  specific  heats,  valid  to  first  order  in 
thermal  layer  depth,  can  be  put  in  a  more  general  form: 


In  general,  the  independent  parameter  used  to  plot  the 
magnitude  of  this  correction  to  the  open  circuit  voltage 
receiving  sensitivity  is  given  as  "B",  where; 


Equation  3.33 


The  correction  described  by  equation  3.37  in  terms  of  "B"  is 


shown  in  the  figure  below. 
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Figure  3.21  Itie_cgrrect i.Qn_tg_rig_due_to_the_change 
i_n_st  i_££nes5_g£_the_gas_wi_thin_the_cavit^_caused_b^_the 
Q9Q2§diik3t£c_bgundarY_cgnd£t£gnSi 

The  correction  shown  above  does  riot  correct  -for  heat 
conduction  losses  at  the  boundary  oF  the  tube.  heat 
conduction  losses,  as  well  as  any  acoustical  loss,  will  be 
determined  in  the  experimental  measure  of  Qn  which  is  then 
directly  employed  in  the  calculation  of  the  acoustical 
transfer  admittance,  Jo. 

Since  the  paper  of  Wong  and  Embleton  was  not  availanle 
when  the  computer  program  controlling  the  e;;periment  wa  a 


written,  a  correction  to  the  preliminary  experimental 
results  is  needed.  The  experimental  data  that  was  obtained 
using  the  program  in  appendix  B,  used  a  less  accurate 
correction  to  the  ratio  o-f  speci-fic  heats  to  account  for  the 
effects  of  changes  in  temperature,  humidity,  and  the  effect 
of  the  non-adiabatic  boundary  layer  (See  appendix  B,  lines 
3770-3S10) .  This  approximate  solution  for  the  ratio  of 
specific  heats  must  be  corrected  to  that  obtained  by  Wong 
and  Embleton  and  the  associated  correction  to  the  open 
circuit  receiving  sensitivity  must  also  be  made. 
Analytically,  when  the  range  of  experimental  temperatures  is 
varied  from  19  to  21  degrees  centigrade  and  the  range  of 
experimental  relative  humidities  is  varied  from  407.  to  657., 
the-  exper  imerital  result  for  the  absolute  value  of  the  open 
circuit  voltage  receiving  sensitivity,  ho,  must  be  corrected 
by  -r.OOJdB  throughout  the  frequency  range  used  as  a  result 
of  using  the  ratio  of  specific  heats  in  equation  3.3l.  Wnen 
this  correction  is  used,  the  experimental  uncertain^/  in  the 
ratio  of  spec  ific  heats  is  that  ob  t  a  i  ned  by  Wong  arid 
Embleton  and  is  given  as  400ppm  CRef.  251. 
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d.  Voluma  liMSuramantm  in  Th«  Plan*  Wav*  R*sonant 
Caviti** 

Two  di-f-F*r*nt  right  cylindrical  cavity  resonators  were 
used  in  the  plane  wav*  resonant  reciprocity  calibrations. 
The  lengths  were  selected  so  that  the  resonant  -fundamental 
in  the  long  tub*  was  one  third  the  resonant  -fundamental  in 
the  short  tube.  This  allowed  direct  comparison  o-f 
experimental  results  obtained  with  two  di-f-ferent  resonant 
cavities  at  every  third  modal  resonance  o-f  the  long  tub*. 

The  actual  experimental  volume  was  measured  in  a 
straightforward  way  with  a  slight  negative  correction 
necessary  due  to  the  small  protrusion  of  the  W.E.6A0AA  type 
microphones  into  the  cavity.  The  microphones  were  adjusted 
in  position  so  that  the  longitudinal  equilibrium  positions 
of  the  diaphragms  were  flush  with  the  plan*  of  the  physical 
end  of  the  cylinder.  Since  there  were  three  different 
microphone  pairs  each  with  their  own  volumetric  protrusion 
into  the  main  volume,  three  different  experimental 
corrections  were  measured  and  applied  to  the  basic  volume 
found  for  each  resonant  cavity.  The  results  obtained  using 
two  different  gauge  calipers  Cone  Peacock  caliper  and  one 
Kanon  caliper!  are  shown  below  in  table  3.10. 


Long  Cylindrical  Cavity  vs.  Short  Cylindrical  Cavity  % 


End  area  shape  Circular 

average  eccentricity  e  <.033 


Elliptical 
e  ~  .094 


The  -following  data  have  four  significant  digits: 


End  area 


Length 


Basic  volumes 


9.2758E-4  M-~2 


7.0120E-1  ri 


6.5042E-4  ri-"3 


4.9577E-4  M"'2 


2.3372E-1  M 


1.1587E-4  M  "3 


Individual  microphone  volumetric  protrusions. 
W.E.640AA  Serial  -  protrusion 


1248 

1082 

0815 

Serial  pair 
W.E.640AA-S 

1248  -  1082 
1248  -  0815 
1082  -  0815 


3.407E-7  M''2 
3.084E-7  li-''2 
3.370E-7  M'2 

Long  tube  volume 
corrected  value 

6.4977E-4  M'-3 
6.4974E-4  M-''3 
6.4977E-4  ri-''3 


Short  tube  volume 
corrected  value 

1.1522E-4  t1'3 
1 . 1519E-4  h '3 
1.1523E-4  M'-3 


Table  3.10  Volume  measurements  obtained  for  the 


When  the  relative  error  in  each  of  tnese  volumes  is 
calculated,  the  values  obtained  depend  essentially  upon 
which  resonant  cavity  is  being  used.  Since  the  thermal 
e;.'pansion  coefficient  for  brass  is  ~1.9E-5/deg  C  and  the 
temperature  range  in  the  laboratory.  was  rrom  1 to  I'Z 
degrees  centigrade,  the  fractional  error  in  ler.gth  due  to 
ther.-nal  effects  was  ZO  ppm.  Since  the  uncertainties  in 
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measuring  the  length  o-f  the  long  tube  at  least  one  order  of 
magnitude  greater,  the  thermal  effects  were  neglected  for 
calculations  of  volume. 


The  uncertainties  in  the  individual  measurements  were  found 
to  be , 

The  average  length  of  long  tube  =  7.012  E-1  M 

The  standard  deviation  in  length  =  2.08E-4  M,  based 
on  three  measurements  made  with  a  Kanon  vernier  calipers 
ser.#5K014  from  the  USNPGS  Mechanical  Engineering  Dept. 

The  average  diameter  of  long  tube  “  3.437E-2  M 

The  standard  deviation  in  diameter  =  2.85E-5  M,  based 
on  eight  measurements  made  with  a  Peacock  vernier 
calipers  from  the  USNP6S  Physics  Dept. 

Ne;:  t ,  use  15  made  of  the  fact  that  with  a  rardom 
distribution  of  error  in  the  measurements,  the  standard 
deviation  divided  by  the  square  root  of  the  number  of 
samples  is  the  standard  deviation  in  the  estimate  of  the 
sample  mean.  With  these  considerations  and  including  the 
systematic  error  involved  in  neglecting  the  effects  of 
thermal  expansion,  the  uncertainty  :n  the  volume  measured 
for  the  large  tube  was  found  to  be  ~  &12  ppm. 


Whan  cara-ful  fflaamuramanta  o-f  tha  dimanaiona  of  tha  amal  1 
cavity  wara  mada,  tha  modal  uaad  to  calculata  tha  and  araa 
had  to  ba  that  of  an  allipaa  sinca  dafinita  major  and  minor 
axia  wara  maaaured  at  aach  and  of  tha  tuba.  Uaing  aquation 
3.40,  tha  uncartainty  in  tha  voluma  waa  calculatad.  Tha 
aami-major  axia  ia  givan  by  "a”  and  tha  aami-minor  axia  ia 
givan  by  "b". 


Tha  data  used  to  calculata  tha  axparimantal  uncartainty  in 
tha  voluma  of  the  small  tuba  was  measurad  axclusivaly  with 
the  Peacock  gauge  calipers  and  is  shown  below. 


The  average  length  of  the  small  tuba  »  2.337  E-1  M 

The  standard  deviation  in  length  *  5.63  E-5  M,  based  upon 
twelve  measurements  made  using  the  Peacock  calipers. 

The  average  semi -major  axis  of  the  end  «  1.257  E-2  h, 

based  upon  twelve  measurements  made  using  the  Peacock 
calipers. 

The  standard  deviation  in  the  semi -major  axis  »  4.85  E-5  M 

Tha  average  semi -mi nor  axis  of  the  end  «  1.254  E-2  M, 
based  upon  fourteen  measurements  made  using  the  Peacock 
calipers. 

The  standard  deviation  in  the  semi-minor  axis  »  5.18E-5M, 
based  upon  fourteen  measurements  made  using  the  Peacock 
cal i pers. 
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Using  ths  abovs  valuss,  the  uncertainty  -Found  -for  the 
small  tub*  is  calculated  using  equation  3.40.  As  expected, 
the  relative  error  was  greater  with  the  smaller  volume  and 
the  uncertainty  in  the  volume  measured  -for  the  small  tube 
(including  the  systematic  error  involved  in  ignoring  thermal 
expansion)  was  calculated  as  1569  ppm. 


■.  Maasuring  Temperature  and  Relative  Humidity 

Since  both  the  temperature  and  the  relative  humidity 
■found  within  the  lab  directly  a-f-fected  the  ratio  o-f  speci-fic 
heats  as  shown  by  equation  3.31  and  the  temperature  change 
a-f-fected  the  thermal  expansion  o-f  the  brass  cylinder,  these 
experimental  parameters  were  also  measured. 

The  measure  o-f  temperature  occurred  under  program 
control  be-fore  and  a-fter  each  basic  26  point  data  set  was 
obtained.  The  two  values  were  averaged  and  this  value  was 
stored  with  the  acoustic  data.  Since  the  two  temperature 
samples  were  obtained  symmetric  in  time  around  the  sample 
obtained  -for  the  center  -frequency  of  the  modal  resonance, 
the  average  value  obtained  is  the  estimate  of  temperature 
associated  with  that  modal  resonance.  The  equipment  used  to 
automate  this  measurement  of  temperature  was  a  HP-34S6A 
digital  voltmeter  sampling  the  output  of  HP0837-1064 
thermistor  e  directed  by  the  HP-B5  computer.  The  equipment 
could  easily  track  relative  temperature  changes  on  the  order 
of  .001  degree  centigrade.  The  useful  temperature  range  for 
this  setup  was  -80  to  130  degrees  centigrade,  well  beyond 
the  normal  range  of  19  to  22  degrees  centigrade  found  in  the 
laboratory.  The  thermistor  was  sealed  and  placed  into  a 
bath  of  icewater  where  its  output  was  observed  to  be  -•■.20 
degrees  centigrade  which  was  then  calibrated  to  the  criple 
point  of  water  (.01  degrees  centigrade  at  1  atmosphere)  by 
subtracting  .19  degrees.  Thus,  the  fractional  error  in 


absolute  temperature  sampled  by  the  system  is  estimated  to 
be  (+-).01  degrees  absolute  or  34  ppm  for  a  standard 
laboratory  absolute  temperature  of  293  degrees. 

The  percent  relative  humidity  was  sampled  onl /  at  the 
beginning  of  each  pregram  run  and  was  assumed  to  be  constant 
for  the  duration  of  each  run.  A  Durotherm  relative  huinidit;^ 
gauge  built  by  Sussp  Co.  of  West  Germany  was  used  to  observe 
the  value  of  relative  humidity  to  1%.  This  observed  value 
was  then  manually  input  to  the  computer  where  it  was  used 
for  all  the  cal cul at i ons.  During  the  course  of  several 
months,  the  range  of  relative  humidities  within  the 
laboratory  was  observed  to  vary  from  40  to  65  percent 
relative  humidity.  An  average  daily  variation  of  ''  (*--■  5  V. 
occurred  during  those  portions  of  the  day  that  experimental 
data  was  normally  obtained.  Over  the  course  of  ary  one 
program  run,  the  largest  change  in  relative  humidity 
observed  was  4  '/. ,  with  an  average  change  of  1‘/..  When  the 
largest  change  is  considered  using  equation  3 .  i  ,  tr.e 
fractional  error  introduced  into  the  open  circuit  recei-'ir.j 
sensitivity  by  considering  the  relative  humidity  to  oe  v 
tnown  but  constant  value  for  the  duration  of  tne  experiment 


5 •  6_Summ«r _ of _ Experimental  Uncertainty  For  The  Plane 

Wave  Resonant  Reciprocity  Experiment 

In  addition  to  the  sources  of  error  previously 
discussed,  two  more  sources  were  considered.  First,  the 
open  circuit  receiving  sensitivity  is  directly  proportional 
to  the  bias  voltage  used  to  bias  the  condenser  microphones. 
The  battery  power  supplies  built  to  bias  the  condenser 
microphones  provided  an  approximate  D.C.  voltage  of  120 
volts.  Since  the  battery  voltage  depended  greatly  upon  the 
temperature,  real  time  sampling  of  the  bias  voltage  was  done 
with  each  basic  26  point  data  set  using  the  HP-3456A  digital 
voltmeter.  The  specifications  of  the  digital  voltmeter 
claim  a  measurement  accuracy  of  40  ppm  traceable  to  the 
National  Bureau  of  Standards  and  this  is  the  probable  error 
used  for  the  bias  voltage. 

Second,  since  the  frequency  of  longitudinal  resonance 
will  vary  linearly  with  the  square  root  of  absolute 
temperature,  slight  differences  in  the  calibration  frequency 
of  the  "Nth"  mode  were  observed  due  to  temperature 
variations  within  the  laboratory  from  one  day  to  the  next. 
The  range  of  temperatures  in  the  lab  was  from  '^19  to  ~22 
degrees  centigrade  which  results  in  an  potential  0.57. 
maximum  shift  in  the  calibration  frequency  associated  with  a 
particular  mode.  The  average  slope  of  the  open  circuit 
voltage  receiving  sensitivity  versus  frequency  for  the 
highest  10  modes  was  —.00024  dB/Hz.  For  comparison 


parameter 


1.  ratio  Vca/Vcb  {scale'^.SJ 
{non-1 inear ity> 

2.  ratio  el/i 1 

a.  ratio  tVdata/VgetJ ;  1450  ppm 

b.  system  capacitance;  660  ppm 

c.  preamplifier  gain;  780  ppm 

3.  atmospheric  pressure 

4.  quality  -factor,  Qn 

5.  resonant  frequency,  fn 

6.  ratio  of  specific  heats 

7.  cavity  volume,  long  tube 
3.  cavity  volume  small  tube 
9.  bias  voltage 


probable  error (ppm) 
expected  vs.  range 
3800  <1900-5600) 

1800  (900-2500) 

320  (220-1200) 

180  (80-310) 

7  (5-9) 

400  N.A. 

1200  (610-1700) 

3600  (1600-5700) 

60  (40-60; 


Table  3.11  Summar ^_g£_Qrobab^e_er rgr _i.n 

'.^ll  th  these  probable  errors,  tne  epe-zte-::  .j  rj  :  a  r  *  a  i  r 
the  "long  ctibe"  plane  wave  resonant  reciprocity  calibrati  j'i 
IS  roughly  22>jt)  ppm  or  ^  .02  dB  re  1  V/ubar  with  a  range  oi 
up  to  3300  ppm  or  .03  dB  re  1  V/ubar.  In  the  short  tuoe, 
the  expected  uncertainty  in  the  plane  wave  resor.c-.nt 
reciprocity  calioration  is  roughl-,  Z730  ppm  or  'rounding  up) 
.07  dB  ^  e  IV/ubar  with  a  range  of  up  to  423t'  ppm  cr  .'(4 
:;P  r=  1  v'/ubar.  When  the  precision  of  tne  praiimina-. 
e  .  pe- 1  men  t  a  1  results  is  presented  ^.nd  discussed  in  chapter 
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IV,  it  will  be  seen  that  this  expected  experimental 
uncertainty  is  oi  the  same  order  O'f  magnitude  as  the 
precision  observed  in  the  experimental  results. 

The  absolute  accuracy  o-f  the  ■final  calibration  will 
still  require  corrections  to  the  raw  program  output  to 
account  for: 

-  the  compliance  of  the  microphones, 

-  the  motional  impedance  of  the  microphones, 

-  the  non-standard  definition  of  the  capacitance  of  the 
WE640AA  microphone  which  includes  the  capacitance  of  the  BNC 
electrical  connector  extending  the  microphone  cartridge, 

-  the  change  of  stiffness  of  the  gas  within  the  cavity  due  to 
non— adi abat i c  boundary  conditions,  and 

-  the  corrections  associated  with  accurate  measurements  of 
capacitance  for  the  cables,  the  bias  circuits,  and  the 
microphones  (opposed  to  the  approximate  values  used  in  the 
computer  program) . 


In  the  next  section,  the  experimental  procedure  and 
associated  uncertainty  in  the  comparison  calibration  will  be 
examined. 
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2  ■  E;<p»rim»ntal _ Con«idTation» _ for _ a _ EClf _ 

Comparison  Calibration 

The  frss  -Fisld  raciprocity  aquations  davalopad  in 
chaptar  ona  ara  di-f-ficult  to  usa  diractly  with  a  condansar 
microphona  whan  usad  as  a  spaakar  at  low  -fraquancy  dua  to 
tha  low  acoustic  output  o-f  a  condansar  microphona.  Tha 
Altac  typa  688  alactrodynamic  microphona  par-forms  wall  in 
this  -fraquancy  ranga  whan  usad  as  a  spaakar.  Using  this 
faatura  to  advantaga,  a  -frea  -fiald  comparison  calibration 
for  tha  W.E.640AA  condansar  microphona  is  mora  aasily 
obtained. 

Starting  with  aquations  1.30  and  1.84,  we  have, 


Equation  1.30 


and , 


M 


A 


Va  Sl  X  r 

11  Vb  CoC 


Equation  1.84 


Let  "Ma"  refer  to  the  Altec  type  688  electrodynamic 
microphone  and  "Mb"  to  the  W.E.640AA  condenser  microphone. 
Then,  solving  equation  1.30  for  Mb  and  substituting  the 


solution  for  Ma  into  the  result,  we  obtain 


JA6  = 


Vft 

a  r  ^ 

Li 

Va 

^  j 

Equat 1  on 

When  the  standard  relationship  between  density,  atmospheric 
pressure  and  temperature  CRet.  9:  p.403  is  substitutec  int;c 
equation  3.42,  we  are  able  to  obtain  the  tori#  the 
equation  used  in  tne  eiiperiment  to  obtain  the  tree  tiela 
comparison  calibration  tor  the  W,E.640AA  condenser 
microphone.  The  equation  used  in  the  computer  program  in 
appendix  D  ci-f-fers  only  in  the  scale  factor  necessary  for 
the  units  used. 


Yf\  -  }  l?dr]  f  f  ^ 

1  ut  UJ  \  (f  -f  U  fi.1. 


E  qua’;  i  cn  3 . 4.r- 


Here  we  have,  in  addition  to  the  definiticns  used  ■’ro.n 
chapter  1: 

Tk  =  temperature  in  degrees  telvin. 

To  =  standard  temperature. (273  deg 
P  =  atmospheric  pressure. 

Po  =  standard  atmospheric  pressure.  1  a  t  mos : 1  J  1  35''  F 
P  =  Jen  sity  of  -<ir  at  Standard  pres  sire  enu  temp;=rr-'i 
*  ^  .  2‘='''>>5  1:  1,  1  : 
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The  above  calibration  was  accomplished  in  two  separate 
steps.  First,  a  separate  acoustic  source  was  used  to 
provide  the  same  pressure  tield  within  an  anechoic  chamber 
■for  each  of  the  frequencies  of  interest  for  the  later 
comparison  calibration.  The  program  that  facilitated  the 
measurement  of  these  ratios  was  called  '‘VRATIO"  and  is 
listed  in  appendix  C.  These  comparisons  were  stored  in  an 
array  used  in  a  subsequent  computer  program  called  "N28" 
that  controlled  the  translation  of  the  W.E.640AA  condenser 
microphone  while  the  688  electrodynami c  microphone  performed 
as  a  stationary  source.  Program  "N28"  is  listed  in  appendix 
D.  The  second  step  then  consisted  of  running  program  "IM28" 
at  each  frequency  of  interest.  The  next  sections  describe 
the  operation  of  these  two  programs. 


3 .  M»a«ur»m«nt  Q'f  Th»  Sansitivity  Ratio.  M  (640R) /li (68SR) 


Tha  ratio  o-f  tha  M.E.640AA  open  circuit  voltage 
recaiving  sansitivity  to  tha  Altac  typa  688A  opan  circuit 
voltaga  racaiving  sensitivity  (640R) /M (688R) >  was  measured 
using  tha  circuit  shown  in  -figure  3.22  in  tha  -first  part  o-f 
a  two  stap  exparimant  to  obtain  the  comparison  calibration 
of  the  W.E.640AA  condenser  microphone.  The  figure  shown 
below  illustrates  the  the  signal  flowpath  for  the  electrical 
equipment  involved. 
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Figure  3.22  Si^gnal__f ^gw_used_i,n_measuring_Vb/Va 


inside  the  anechoic  chamber 


■  ".-M  ^.'  Tj 


The  requirement  that  a  -free  tield  calibration  be  earned  out 
in  a  space  that  is  free  from  surfaces  which  cause 
appreciable  reflection  of  sound  and  free  from  background 
noise  which  may  obscure  the  received  signal  CRef  3:  p.l9] 
was  met  by  using  the  anechoic  chamber  located  at  the  Naval 
Postgraduate  School,  Monterey,  California.  It  was  found  to 
satisfy  the  dimensional  requirements  CRef. 3:  p. 19D  for  a 
measurement  error  of  less  than  "^0.1  dB.  As  will  later  be 
shown,  a  variation  of  calibration  sensitivity  due  to 
suspected  reflections  from  apparatus  in  the  anechoic  chamber 
were  observed  to  be  on  the  order  of  ~0.09  dB. 

Each  receiving  microphone  was  hung  at  the  same  spatial 
location  with  a  three  wire  support  ref erer ced  to  the  frort 
face  of  the  microphones  about  five  meters  from  the  sound 
source.  This  was  roughly  three  and  one  half  wavelengths 


»  »  k  •  i, 
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r-A 


*.*  V  ' 
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separation  at  the  lowest  frequency  of  interest.  The  nearest 
surface  within  the  anechoic  cnamber  was  -cnghl.  two  meters 
•^way  from  the  three  wire  mounting  po:n~. 
rrogram  "VRATIO"  worked  as  fellows: 


Ztep  1.  The  first  microphone  was  mounted  in  position  in  the  .  y  t 

anechoic  chamber  and  all  vi sable  motion  was  allowed  to  suDside.  • 


:'tsp  2.  Program  "VRATIG"  was  set  into  r:peraf:cr.  A  separate 
-pealer  source  is  ti-.r-ned  on  by  the  campuT  er  program.  Tr.e  p-  eg:  r,. 

samples  tne  received  signal  and  averages  tvientv  -i  .e  lata  >  l  n  t  = 
per  trequency  of  interest.  these  average  .al..es  ^r=  st  ar  ; 

=  "■  array  labeled  A  ■,  1  ,  h! )  . 


Sensitivity  ratio  640r/688r 


step  3.  When  the  program  has  completed  sampling  the  tirst  i.-. 

microphone,  it  pauses  and  asks  the  operator  to  mount  the  second  • 
microphone.  When  the  -first  microphone  is  removed  and  the  seccna 
mounted,  and  all  swaying  stops,  the  operator  indicates  tnat  the 
microphone  ey.change  is  complete  by  pressing  CONT. 

Step  4.  The  program  samples  and  averages  twenty  -five  data 
points  per  -freguency  o-f  interest  and  stores  the  average  values  in 
the  array  A<2,M). 

Step  5.  The  program  calculates  and  prints  the  ratio 
A ( 1 ,M) /A (2,M)  and  stores  the  result  in  array  R(i).  The  standard 
deviation  -for  each  ratio  is  printed  as  "SQR<S)"  and  the  program 
run  IS  complete. 


The  results  of  the  first  step  are  given  below. 
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When  the  response  of  the  688  el ectrodynami c  microphone  is 


dividad  point  by  point  into  the  response  o-F  the  640 
condenser  microphone,  quantitative  agreement  Mith  the 
experimentally  determined  ratios  shown  in  -figure  3.23  is 
obtained.  The  values  so  obtained  did  result  in  the  expected 
response  -for  the  condenser  microphone.  The  actual  -Free 
-Field  calibrations  obtained  for  the  M.E.640AA  serial#124Q 
condenser  microphone  are  shown  as  the  larger  circles  in  the 
W.E.640AA  sensitivity  plot) 


4 .  Fr»«  Field  Raciprocity  M»a«ur>mgntm 

A  sketch  o-f  the  experimental  equipment  used  to  make  the 
-final  free  field  reciprocity  measurements  is  qiven  in  the 
figure  below. 
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A  description  of  the  operation  of  this  final  step  in  the 
free  field  comparison  calibration  is  given  below  in  the 
description  of  the  operation  of  the  controlling  program. 

The  third  cnniputer  program  given  in  appendix  D,  was 


written  to  control  the  second  half  of  the  free  field 


comparison  calibration  based  upon  a  reciprocity 
calibration.  A-fter  the  initial  operator  inputs  are  made, 
the  data  is  sampled,  analyzed  and  stored  on  magnetic  tape. 
Separate  computer  runs  are  required  -for  each  frequency  of 
interest.  The  operator  must  remain  present  during  each  data 
run  to  respond  to  interactive  computer  inputs. 

The  initial  operator  inputs  are: 

-  insert  comparison  ratios  for  each  frequency  of  interest 
into  the  program.  (See  Appendix  C  for  the  program  used 
to  obtain  these  ratios.) 

-  input  the  plane  wave  tube  modal  number  of  the  resonance 
frequency  desired.  This  will  allow  later  comparison  with 
the  plane  wave  pressure  calibration  results  after  the 
diffraction  effects  of  the  free  field  calibration  are 
subtracted  out. 

input  the  driving  voltage  to  be  used  by  the  synthesizer/ 
function  generator. 

-  input  the  S204  lock  in  analyzer's  sensitivity  scale. 

-  input  the  5204  lock  in  analyzer's  time  constant. 

-  measure  and  enter  the  starting  separation  distance  (cm) 
between  the  source  and  the  receiver. 

-  measure  and  enter  the  4  -  wire  current  limiting  resistor 
used  in  the  driving  circuit,  (ohms) 


The  computer  program  will  then  perform  the  following  steps; 

Step  1.  The  function  generator /synthesizer  is  set  to  the  proper 
drive  voltage  and  frequency.  The  source  is  turned  on  and  the 
receiver  output  is  monitored. 


St»p  2.  Th»  program  samplms  tha  paripharal  squipmant  -for 
atmospharic  prassura,  ambiant  tamper atura,  and  the  receiver  bias 
voltage.  These  are  temporarily  stored  in  computer  memory. 

Step  3.  The  counters  -for  tha  optical  revolution  counter  are 
initialized.  (The  resolution  is  1000  "counts"  par  1  complete 
turn.  One  complete  turn  o-f  tha  threaded  drive  sha-ft  moves 
the  receiving  microphone  about  1/B  o-f  a  centimeter.) 

Step  4.  Tha  driving  voltage  -for  tha  main  drive  motor  is  turned 
on  -for  exactly  six  seconds  and  then  removed. 

St»p  5.  Tha  system  waits  -fi-fteen  seconds  -for  all  transverse 
motion  to  damp  out.  Then  the  program  then  takas  thirty  sequential 
samples  (at  intervals  o-f  three  electronic  time  constants)  o-f 
the  received  voltage.  A-ftar  averaging,  the  data  is  temporarily 
stored. 

Step  6,  When  the  eighth  drive  interval  is  complete,  and  the 
sequential  sampling  is  complete  -for  that  interval,  the  program 
asks  the  operator  to  enter  tha  anechoic  chamber  and  measure 
and  input  to  the  program  the  separation  between  source  and 
receiver.  This  will  allow  a  spot  check  on  the  relative  error 
o-f  the  measuring  technique  used  by  the  operator. 

Step  7.  Return  to  step  4  and  continue  until  twenty  separation 
distances  have  been  sampled.  At  the  end  o-f  twenty  intervals,  the 
source  is  turned  o-f-f,  the  bias  voltage,  ambient  temperature,  and 
atmospheric  pressure  are  sampled  and  averages  are  obtained  with 
the  data  obtained  in  step  2.  These  averages  are  then  stored  on 
magnetic  tape. 

Step  S.  The  program  asks  the  operator  to  enter  the  anechoic 
chamber  and  measure  the  -final  separation  and  enter  it  into  the 
computer. 

Step  9.  The  initial  and  -final  operator  entered  distances  allow 
the  program  to  scale  the  counter  registers.  Arrays  containing 
scaled  values  o-f  received  voltages  and  scaled  values  o-f  the 
related  separation  distances  are  displayed  to  the  operator  and 
stored  on  magnetic  tape. 

Step  10.  The  program  then  performs  a  least  squares  fit  of  the 
received  data  to  <  V(r)  “  EO/Cr  -♦-  al  >  r  is  the  computer 
measured  distance  corresponding  to  V(r),  and  "a"  is  correction  to 
the  separation  distance  needed  to  obtain  spherical  spreading. 

Step  11.  The  values  for  EO  and  "a"  obtained  by  the  least  squares 
fit  are  printed  for  operator  use  and  stored  on  magnetic  tape. 


step  12.  The  program  prints  a  plot  o-f  V(r)  vs  r  -for  operator 
viewing. 


Step  13.  The  program  prints  a  plot  o-f  logCV(r)3  vs  logCrl  -for 

operator  viewing.  Here  a  straight  line  indicates  the  region  in 

the  data  array  where  Cl/rl  spherical  spreading  occurred.  il*! 

Step  14.  The  program  calculates,  prints  and  stores  on  magnetic 
tape  the  receiving  sensitivity  -for  this  particular  -frequency  as  a 
-function  o-f  range. 

Step  15.  The  program  shuts  down  awaiting  a  new  set  o-f  initial 
operator  inputs  to  go  to  the  next  -frequency  o-f  interest. 


The  -following  three  -figures  illustrate  the  output  available 
to  the  operator  as  the  above  program  is  run.  The  data  shown 
below  was  obtained  -for  the  735  hz  comparison  calibration  -for 
W.E.640AA  serial  #1248.  The  4-wire  resistance  measurement 
obtained  previously  for  the  calculation  of  the  source 

^  current,  il,  is  output  just  before  the  raw  data  is  printed. 

The  parameters,  "VO",  "a",  and  the  correlation  coefficient, 
"R"  refer  to  the  least  squares  fit  to  VO/(r+a)  for  this  data 

i 

used  by  the  program.  "N"  is  the  number  associated  with  a 
particular  distance;  "RUN"  refers  to  the  distance  in  cm. 
travelled  since  the  last  measurement;  "R(CM)"  refers  to  the 
separation  distance  in  cm.  between  source  and  receiver  for 
a  particular  measurement;  and  "VOLTS"  refers  to  output 
voltage  measured  across  the  microphone  at  a  particular 


-  7:^0  - 


distance. 


HRCiGRAM  OUTPUT 


■.ccMi  “^:mto  ' 


c33fi  TRhHS,c.4ufiA 

633ft  TPftMS/640ftft 

4WIF:E-R<0HM.S>  = 
TIME= 

DftTE= 


RCU 

RCy 


con-f  i  gur  at  i  on  of  microphones 
value  of  4-wire  resistance 
date  =  22,  May  1964 


N 

1 


4 

5 

6 
i' 


10 
1 1 
1  2 

13 

14 

15 
1  6 
17 
13 
1? 
20 


RON 

R ' .  C  .' 

VOLTS 

1 .532 

l6  .t-ic2 

2 . 1024 lE-004 

1  .553 

17 . 620 

1 .33375E-0O4 

1  .  553 

13 . 173 

1 . 73354E-004 

1 . 554 

20 . 732 

1 . 53733E-O04 

1  .  548 

22.230 

1 . 43262E— 004 

1  .  543 

23 .323 

1 . 33431E-004 

1  .  550 

25.373 

1 . 23801 E -004 

1.551 

26.323 

1 . 21331E-004 

1  .557 

28 .485 

1 . 15e30E-eO4 

1  .  553 

30 . 043 

1 . 03835E-004 

1  .553 

31  .802 

1 . 03422E-004 

1  .  554 

33 . 156 

3 . 36S4eE-0O5 

1  .557 

34.714 

3 . 40276E-0O5 

1 .553 

36.272 

8.91833E-005 

1  .  566 

37.833 

e . 46  14  IE-005 

1  .561 

3?  .  333 

8 . 03322E-e05 

1  .554 

40.353 

7 , 64400E-ee5 

1 .554 

42 . 507 

7.25783E-005 

1  .  54? 

44 . 053 

7 . e0997E-eO5 

1  .  547 

45 . 600 

6 . 760.'6E-005 

main  data 


N  =  number  of  run 


RUN  = 

diet  in  cm 

for  intEerval 

since  last 

measi.ir  €?ment 

R  (CM) 

-  total  sep 

aration  in 

cm. 

VOLTS 

=  open  cl.t. 

r eciaj.  ved 

vol tage 

ue='- VOLTS  ; 

2  1 47274E-3  ,,  .  , 

a=rCM':'  Kesults  ot-  least  srjuar-^ 

-2  4032^074952  analysis  for  V<rl  -  '/’o/ir-t-aJ 

R  = 

.  ?  3  S  7  7  3  0  5  4  0  3 


Pigure  3.26  5§y_S®Ta_gutBut_f rcm_"M28 


PROGRAM  OUTPUT 


(COMMENTS; 


OF  MEfl3UPEMEMTS= 
HERS  CHECK  •;  CM  ;  = 
CftLC  DISr  <CM-:.= 

ZS  .  S'£-eE-5SSS45 

DIST  ‘  ■^:;ERPDP= . 

. SSS337SO5607 

START  DISTOCM  >=  ’ 
END  DIST':CM.;  = 

5204  £EHS  = 

717  MUOLTS= 

total  couht=- 

FREO  <HZ>  = 


2  A 

75  Eighth  interval  "spot"  check 
*“  on  total  separation. 

percent  -fractional  error 
for  measured  separation  vs. 
calculated  separation  at 
the  eighth  interval. 

14.5 

45 . 6 

12At'  sens  -  scale  selected  on 

lc31S4  ^'-'■’4  lock-in  anal'/cer 

;  w5  717  MV0LT3  =  driving  voltage 

output  from  the  function 
generator  in  millivolts 


u '  li'i  'iJ  I-.  CO  iT»  C  —•  ri  (<■1 
r-j  r.j  ,-.j  r.j  r.j  j,., 


At  this  point  a  log/-loq  plot 
is  shown  of  the  data.  If 
the  far  field  is  a  straight 
line  with  slope  equal  to  +1, 
then  the  data  is  OK. 

That  is  to  say,  the  spreading 
loss  goes  as  Cl  -'rJ  (spherical 
spreading).  If  the  line 
varies  about  a  "straight"  line, 
then  standing  waves  or  some  other 
difficulty  is  being  encountered 
and  further  experimental 
adjustment  in  the  apparatus  is 
required  prior  to  taking  data. 


Figure  27.  Qual^^t^_cgntro^_2ucput  from  "NIB" 


PRQGRAil  OUTPUT 


(COMliEi'iTS/ 


'33 . 156  £  . 

DB  RE  lu..'UBG2O0VEIftS= 
-4'?  .0305139366 
34,714  2.05l0E-CiO2 
DB  RE  I'.T  IJB020QVBIRS  = 
-49.3253671534 
36.272  2.O452E-O02 
DB  RE  1 ueeaeove  I  fls= 
^49.0506545224 
37  833  2  . 

DB  RE  l'..'.'Uer!!2uOVJeit=t3  = 
-4'5  0030^4092 


DB  RE  1'.-U"JB3200UB  IP(£.= 
-49 . 121353334 
40.953  2 . 0  2  0  0  E - 0  0  2 
DB  RE  l'.,u  L'Bt2200UeiBS  = 
-49. 15S27371S6' 

42.507  2.0131E-002 
DB  RE  1'..'-UE;'220OUE1OSs 
-49 , 1379232473 
44.053  2.O107E-002 
Oe  RE  lV/-iJBiii200yBI(=l3» 
-4? . 1983365S12 
45.600  2.0109E-002 
DB  RE  iypU8G2000EIRS= 
-49 .  1971631044 
11  = 

3 . 53O3r269409E-3 

uo  = 

P9  = 

= 

2  0 2592357 046E-2 
Rur.OB  1\.' 'U&G200VE' 103  = 
-49  J 327049904 

1  69-:  l  :697439E-4 

<PRT 10= ■ 


Here  the  last  nine 
calibration  measur edients 
are  shown  with: 


di  stiAnce  (cm )  -sens 1 1 1  v i  t y 

(at  116  V  bias) 
and  sensitivity  level  in 
dO  re  1  0/ubar  (at  20i;)  V  bias) 


il  =  the  measured  transnnttir 
<:  ur  rent 

—  least  square  error 
retfjrence  voltaqe  c^.termined 

Oar  1  I  t?r  . 


average  ratio  determined  with 
2‘Ii  7]  program  VPATIO. 


Figure  3. 28  A_samEle_gf,_the_final_di5tance_vBrsus 
Mo_cal.culated_b^_Brggrag_“N28" 


At  aach  traquancy  thara  wara  twanty  maasured  values  o-f  Mo 
corresponding  to  the  twenty  di-f-ferent  measurement 
distances.  Tha  statistics  shown  at  the  end  were  computed 
using  all  twenty  data  points  although  the  last  -figure  only 
shows  the  last  nine  calibrations. 

Be-fore  tha  -final  rasults  can  ba  plottad  and  intarpratad, 
error  analysis  and  potential  corrections  need  to  be 
considered.  This  will  ba  dona  next. 


F.  EXPERIMENTAL  ERROR  FOR  THE  FREE  FIELD  COMPARISON  CALIBRATION 


1 t i on 

Th«  equation  used  -for  the  receiving  sensitivity  based 
upon  a  free  field  reciprocity  calibration  is  derived  in  the 
previous  section  and  is  given  in  equation  3.43  which  is 
reproduced  below. 


%  = 


Ye  1 

rK  r  ^  6^  ] 

ii  Ve  ■ 

S’  ^ 

t  a  To  j 
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Equation  3.43 


The  source  current , 

i  1 ,  is 

not 

directly 

measured 

but 

is 

determined  from  the 

vol tage 

drop 

across 

a 

resistor 

in 

the 

speaker  circuit  and  a 

four 

wire 

measurement 

of 

the 

resistance  of  this  resistor.  When  the  ratio  V(drop)/R4  is 
substituted  for  il,  we  have. 


C4-.303)  P'*'- 

Vd--.p  (P  ? 


Equation  3.44 


1 


The  expected  probable  error  based  upon  this  equation  will  be 
somewhat  different  than  the  probable  error  found  for  plane 
wave  reciprocity. 


/  V. 


^  {‘ip  (tT* mj 


e  variables  in  equation  3.45  are  defined  as: 

e4  -  the  received  voltage  measured  with  the  PAR  5204 
lock-in  analyzer. 

Vdrop  -  the  voltage  drop  across  the  current  limiting  resistor 
•found  in  the  driving  circuit.  Used  to  measure  tne 
driving  current.  This  was  measured  with  an  HP-343aA 
digital  multimeter. 

R4  -  The  current  limiting  resistor  used  in  th^  speaker  circu 
This  was  measured  with  a  4-wire  resistance  measurement 
using  the  HP-3456A  digital  voltmeter. 

Vb/Va  -  Comparison  voltage  ratio  measured  by  the  program 

"VRATIC"  described  previously.  Both  o-f  these  '.dtage-^ 
were  measured  on  the  PAR  5204  lock-in  analyzer. 

T  -  Temperature  in  degrees  centigrade.  The  HP-3456A  dig. ta. 

voltmeter  was  used  m  conjunction  with  a  thermistor 
(accessory  No.  44414A)  to  sample  temperature. 

r  -  The  measured  separation  distance  .'.nr  r  ec  ted  tor  ■.  c 

den  ter  3. 

PO  -  Atncspheric  pressure  (mmH6)  monitored  ana  s.e'  -ig-rC 

during  the  data  run.  Vnis  parameter  was  ottained  v..si  g 
the  same  experimental  setup  as  was  used  and  descritec 
in  the  previous  section  tor  plane  wave  resonant 
reel proc i ty . 

•f  -  The  frequency  (hz)  of  the  source  signal.  These 

frequencies  were  selected  as  multiples  of  245  Hz  tor 
ease  of  comparison  with  the  plane  wave  resonant 
reciprocity  ca 1 i or at i ons. 

Ebias  -  The  Oias  voltage  usea  ter  the  w.fc..o4i/AH  concenser 
mi  crci.;hone. 


Thesp  parameters  and  their  calculated  probable  errors 
must  be  measured  and  included  in  the  calculation  tor  "Mb'. 
The  error  analysis  for  the  value  of  the  atmospheric 
pressure,  the  temperature,  and  the  -frequency  are  the  same  as 
previously  done  in  the  case  o-f  the  plane  wave  resonant 
calibration.  The  experimental  methods  used  to  measure  the 
remainder  o-f  these  parameters  is  presented  next. 


2 •  Measuring  Thggpgn  Circuit  R»c>lvinq  Voltag*,  >4 

a.  Analysis  o-f  Th*  Electrical  Circuit  Used  to  Measure 


The  received  microphone  voltage  was  measured  in  the 
manner  shown  in  -Figure  3.25.  The  simpli-fied  circuit  shown  in 
figure  3.6  still  applies  to  the  analysis  of  the  received 
signal.  However,  due  to  the  different  cables  and  cable 
capacitances  involved,  the  values  obtai  led  for  the  transfer 
function  will  be  slightly  different.  Equation  3.11  is  still 
used  to  calculate  magnitude  of  the  received  voltage.  The 
value  "el"  has  been  replaced  with  "e4"  to  conform  to  the 
notation  used  in  the  free  field  experiment. 


(O  ^  ^ 


I-IM 


Equation  3.11 


Since  the  Cw*R«Cml  term  in  the  calculation  of  e4  is 
negligible  for  the  purpose  of  error  analysis,  it  will  be 
neglected.  The  error  analysis  for  e4  is  given  below. 


B  VeU-V^ 


0/5 


Equation  3.46 


may  bu  calculated  -from  previous  uncertainty  analysis  (with 
Ct'^255  Pf.),  and  speci-fi cations  -for  the  PAR  5204  claim  an 
uncertainty  in  the  B-KVin  product  to  be  ‘^l%(al  though 
experimental  measurement  o-f  consistency  between  attenuators 
and  amplifiers  showed  a  0.2%  accuracy) ,  only  the  uncertainty 
in  the  amplifier  gain  for  the  Ithaco  1201  preamplifier 
remains  to  be  be  determined  prior  to  calculating  the  total 
fractional  uncertainty  in  e4. 


b.  O«t«rmination  ai  Gain  Uncertainty  -for  The  Ithaco 
1201  Preamplifier 

The  Ithaco  preamplifier  was  used  in  the  anechoic  chamber 
because  of  its  self  contained  battery  power  supply.  In  the 
anechoic  chamber,  severe  electrical  noise  was  preventing 
experimental  progress  until  the  Ithaco  preamplifier  was 
employed.  Acoustically,  the  anechoic  chamber  was  quiet. 
Electrically,  it  had  60  cycle  interference.  The  following 
is  a  plot  of  the  gain  characteristics  obtained  for  the 
Ithaco  preamplifier  when  operated  on  AC  power  as  compared  to 
operation  with  the  internal  battery. 
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“  Ithaco  gain  using  battery 
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Figure  3.29 


When  the  bettery  was  fully  charged,  the  gain  appr i  ma  ced 
that  obtained  using  AC  power.  A+ter  several  oa/s  use,  a 
noticeable  drop  to  the  extenn  shown  was  oo served.  The 
•fractional  difference  between  battery  power  and  AC  power  is 
seen  to  be  roughly  u.ijSV..  This  300  ppm  fractional  change  is 
Lised  as  an  estimate  for  the  uncertaint>  i  r.  the  batter/ 


powered  gai n . 


c.  Computation  o-F  The  Uncertainty  in  The  Measure  o-f  e4 
The  -foil owing  are  a  list  o-f  speci-Fi cations/parameter 


averages  for  use  in  equation  3.46  to  estimate  the  probable 
error  in  e4. 

-  typical  value  for  e4  1.0  E-4  volts  (obtained  from  figure 
3.26) 

-  preamplifier  gain,  G  10 

-  uncertainty  in  gain,  delta  G  GOO  ppm 

-  scale  factor  x  volts  in  product,  BVin  *^6.1  E-5  volts 

-  total  capacitance,  Ct  2SS  pf 

-  microphone  capacitance.  Cm  50  pf 

-  although  the  PAR  5204  specifications  claim  an  uncertainty  in 
BVin  product  to  be  delta  Bvin  IV.  (if  the  magnitude  option 
is  factory  installed),  experimental  measurement  of  the 
consistency  found  between  attenuators  and  amplifiers  shows 
an  accuracy  of  0.2%. 

-  uncertainty  in  Ct  obtained  from  previous  section,  delta  Ct 
■^.15  pf 

-  uncertainty  in  Cm  obtained  from  the  previous  section,  delta 
Cm  .002  pf 


When  these  values  are  used  to  calculate  the  components  of 
equation  3.46,  an  estimate  for  the  probable  error  in  e4  is 
obtained. 


Thus,  the  total  probable  error  in  e4  is  estimated  to  be 
2220  ppm. 

Next,  the  analytical  considerations  for  the  experimental 
determination  of  the  measure  of  CVdropl  will  be  discussed. 
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3 .  Analytical _ Considerations _ for _ The _ MSSSyCfIDSnt _ of 

VdrgE 

a.  The  Measure  o-f  Vdrop 

The  voltage  drop  across  the  current  limiting  resistor 
was  continuously  monitored  using  a  HP-3698  digital 
multimeter  included  across  the  circuit.  See  -figure  3.30 
below. 


Figure  3.30  Measuring  the  voltage  drop  Cydrop] 
acrgss_the_current_resistgri 

The  determination  o-f  this  voltage  drop  was 


straightforward  and  was 


done 


for 


each  freguency  of 


interest.  Unf ortunatel y ,  unacceptable  cross  talk  occurred 
when  any  attempt  was  made  to  use  the  same  equipment  in  both 
sides  of  the  system  under  computer  control.  As  a  result, 
the  lock  in  analyzer  could  not  be  used  in  the  transmitting 
circuit  as  it  was  already  employed  in  the  receiving 
circuit.  To  avoid  the  cross-talk  problem,  the  voltage  drop 
Mas  calculated  from  a  linear  least  square  error  fit  to 
experimental  measurements  of  CVdrop  =>  a«Vask  bl  measured 
at  each  frequency  of  interest.  The  values  of  "a"  and  "b"  so 
found  are  shown  in  appendix  D  in  lines  4000  to  4070.  The 
uncertainty  in  the  voltage  measured  as  "Vdrop"  was  taken 
from  the  equipment  specifications  as  (0.29  plus  163/freq>*/. 
and  is  calculated  as  5120  ppm  at  735  Hz. 
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4 .  Analytical  Considerations  Mad» _ iD_ 


R4 

The  current  limiting  resistor  was  specially  chosen  -for 
its  low  temperature  coe-f-f icient  over  the  temperature  range 
expected  within  the  anechoic  chamber.  It  was  mounted  in  a 
shielded  box  with  permanent  electrical  connections  wired  in 
to  facilitate  a  four — wire  resistance  measurement.  Based 
upon  the  equipment  specifications  of  measurement  accuracy  of 
(.0045  +  4/resistance)  for  the  four  wire  resistance 
measurement  obtained  using  the  HP-36S8  digital  voltmeter, 
the  probable  error  in  R4  was  calculated  to  be  651  ppm. 
The  thermal  instability  of  the  resistor  used  over  the 
temperature  range  of  17  <  T  <  22  degrees  centigrade  was 
experimentally  measured  and  the  data  was  fit  using  the 
method  of  least  square  error.  The  result  is  given  below 
where  T  is  measured  in  degrees  centigrade. 


S’-SassMO  )T  + 


o^y^S 

Equation  3.48 


When  the  range  of  temperature  from  17  to  21  degrees 
centigrade  is  used,  the  probable  error  due  to  the  neglect  of 
temperature  variation  in  the  value  of  R4  ~  160  ppm.  Thus 
the  total  probable  error  in  R4  is  ~  670  ppm. 


a.  Introduction 


The  distancs  batwaan  tha  -facas  o-f  tha  microphones  was 
measured  three  times  during  each  run  o-f  program  “N28".  Tha 
starting  distance  between  the  -faces  o-f  the  microphones  was 
the  -first  distance  measured  and  manually  input  to  tha 
computer.  A  steel  tape  measure  was  attached  to  the  source 
microphone  support  and  could  be  rotated  into  position  -for 
distance  measurements.  When  the  acoustic  data  was  being 
sampled,  the  steel  tape  was  positioned  behind  the  source 
microphone  and  did  not  signi-f icantly  interfere  with  the 
acoustic  data  by  introducing  additional  scattering  in  the 
system.  The  second  distance  was  measured  approximately 
halfway  through  the  computer  controlled  spatial  translation 
of  the  W.E.640AA  microphone.  The  program  stopped  taking 
acoustical  data  and  requested  the  operator  to  enter  the 
anechoic  chamber,  rotate  the  steel  tape  into  position, 
measure  the  distance,  stow  the  tape,  and  seal  the  anechoic 
chamber.  When  this  distance  was  manually  entered  into  the 
computer,  the  program  continued  with  the  translation  of  the 
W.E.640AA  and  the  acoustic  sampling.  The  final  distance  was 
measured  at  the  end  of  each  translation  run  and  manually 
entered  into  the  computer.  The  spot  check  of  measured 
distance  as  shown  in  figure  3.27  normally  indicated  a  small 
discrepancy  between  the  computer  calculated  distance  which 


was  based  upon  the  operator  entered  initial  and  -final 


distances,  and  the  measured  distance  at  that  point.  The 
results  usually  ware  on  the  order  o-f  a  -few  tenths  o-f  one 
percent  relative  error.  An  average  value  of  this 
discrepancy  was  O.SX  .  This  value  is  used  as  the  estimate 
of  the  precision  in  the  measurement  of  "acoustic 
separation ". 
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b.  Determination  o-F  Spherical  Spreading 

A  direct  plot  o-f  V(r)  versus  r  does  not  yield  the 


% 


desired  Cl/rl  spreading  loss.  When  a  correction  is  added  to 
the  measured  separation  distance,  r,  to  obtain  the 
"acoustic"  separation  distance,  r',  a  plot  of  this 
"acoustic"  separation  versus  V<r)  yields  a  parfact  Cl/r'J 
plot.  The  correction,  "a",  to  the  measured  separation 
distance  is  obtained  by  a  linear  least  square  error  fit 
applied  to  the  ini/erse  of  V(r)=Vo/Cr+a3.  Here  "r"  is  the 
measured  separation  distance  and  Cr-4-al  is  the  "acoustic" 
separation  distance.  V(r)  is  the  received  open  circuit 
signal  voltage.  The  slope  of  the  least  square  error  fit  to 
a  straight  line  equals  Cl/Vol  and  the  intercept  equals 
Ca/Vol.  The  correction  "a"  is  obtained  by  dividing  the 
"intercept"  by  the  "slope”.  If  this  correction  is  not  made, 
the  fractional  error  in  the  free  field  calibration  will  be 
significantly  larger.  A  plot  of  V(r)  versus  both  the 
measured  separation  distance  and  the  acoustic  separation 
distance  is  seen  in  the  figure  below  for  data  measured  at 


490  Hz. 


log  of  mic  voltage 


log  of  mic  separation  in  cm 


Figur«  3.31  A  plot  ahowinq  the  corraction  -for 
the  "acoustic*'  separation  di stance  at  490  Hz. 

The  uncertainty  o-f  the  correction  applied  to  the 
measured  distance  vnas  -found  to  vary  approximately  5.07C 
-from  one  run  to  the  next.  With  a  correction  magnitude  o-f 
about  2  cm.  ,  this  yields  an  uncertainty  in  this  correction 
o-f  0.1  cm.  The  resolution  of  the  tape  measure  Mas 
estimated  to  have  a  systematic  error  of  0.05  cm.  Finally, 


for  a  typical  distance  of  30  cm. ,  the  measured  precision  of 


th»  saparation  distanc*  o-f  '^0.5%  yialds  a  calculatad 
uncartainty  o-f  0.15  cm. 

Tha  total  probabla  error  -for  the  measure  o-f  the 
separation  betMeen  microphones  is  calculated  to  be  the 
square  root  o-f  the  sum  o-f  tha  squares  o-f  the  uncertainty  in 
r,  the  uncertainty  in  tha  correction «  and  the  estimate  of 
systematic  error. 

r'  r'  Equation  3.49 

Thus,  the  total  probable  error  in  the  measure  of  the 
acoustical  separation  batween  microphones  at  a  typical 
separation  of  30  cm.  was  estimated  to  be  6240  ppm. 
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Sensitivity  ratio  640r/688r 


6 .  Calculating  Th»  Unortainty  in  Tlr  Ratio,  Vb/V* 

Tha  procadura  uaad  to  maasura  this  voltaga  ratio  has 
alraady  baan  discusaad  in  saction  C.2.  As  was  saan,  tha 
pracision  of  tha  maasura  of  this  ratio  variad  from  fraquancy 
to  fraquancy.  Figura  3.23  is  raproducad  balow  for 
convanianca. 


results  obtained  in  an  anechoic 
chamber  using  a  speaker  source 
at  a  distance  of  five  meters 

X 

A 

X  X 


1^^  +/-  3  cj  plotted  [ 


0  1 600  3200  4800  6400  8000 

Frequency  (hz) 

Figura  3.32  Tha  sansitivity  ratio  obtained  for 
640R/688R. 


Tha  pracision  of  the  different  values  measured  for  CVb/Val 
is  seen  to  vary  with  frequency.  When  the  average  of  tha 


dif-ferent  pracisions  is  taken  as  an  estimate  o-f  the  probable 
error  and  the  average  -fractional  error  is  taken  to  represent 
the  experimental  uncertainty,  delta  CVb/Val  was  calculated 
as  roughly  6300  ppm. 


7 •  A  SuflMwry  O'f  ExpTiniTital  Error  tor _ Th • _ r r •• _ F i_§l d 

Compari«on  Calibration 

Tha  probabla  arror  -for  aach  maasurad  paramatar  is 
summarizad  in  tha  tabla  shown  balow. 


parameter 

probable  arror 
(in  ppm) 

-»  frequency 

7 

-»  pressure 

320 

«  temperature 

34 

*  Ebias 

60 

e4 

2220 

Vdrop 

3120 

R4 

670 

r (acoustic) 

6240 

Vb/Va 

6300 

*  These  probable  errors  are 
on  error  analysis  for  plane 

explained  in  an  earlier  chapter 
wave  resonant  reciprocity. 

Table  3.12  A  suwimarY  qt  probable  error  tor  tha 
•free  -f  ield_cgmparisqn  _calibration 

The  total  error  in  tha  -free  -field  sensitivity 
calibration  is  given  by  the  equation  shown  below.  Note  that 
the  uncertainty  in  the  bias  voltage  is  included  as  it  was  in 
the  previous  section  for  the  plane  wave  resonant  reciprocity 
calibration. 


The  total  calculated  probabla  arror  in  tha  -Fraa  fiald 
comparison  calibration  is  takan  as  ona  hal-f  tha  squara  root 
o-f  tha  sum  o-f  tha  squaras  o-f  thasa  individual  probabla 
arrors  and  is  calculatad  to  ba  approximately  5,300  ppm. 
This  is  on  tha  ordar  o-f  '^0.05  dB  ra  1  volt/ubar  whan  applied 
to  the  sensitivity  calibration. 

However,  ona  additional  axperimantal  uncertainty  was 


observed  whan  tha  free  field  sensitivities  were  plotted  with 
respect  to  the  distance,  r. 


-0.6 


-0.62 


■»0.64 

<» 

to 

^0.66 

•  MM 

-M 

_o 

0 

-0.68 


-0.7 

17  23.2  29.4  35.6  41.8  48. 

mic  separation  In  cm 

Figure  3.33  Thm_Yaristi on  o-f  th»  490  Ha. 
microphQne.,sensltiyitY,.,with_sep§r«tipn,.dietance. 


microphone  sensitivity  equals 
relative  sensitivity  minus  48 
(dB  re  1  V/ubar) 

A  A 

A 

A 


A  A 


■  I  ■■  ■  I  ■  I  I  I  I 


The  spatial  variation  observed  in  this  plot  is  cyclic  over 
roughly  18  cm.  This  is  not  explained  by  standing  waves 
between  the  source  and  receiver  nor  by  reflection  from  any 
reflecting  surface  located  along  the  acoustic  axis.  This 
suggests  a  more  complex  but  unknown  interference  pattern  as 
the  source  of  this  variation.  When  this  observed  variation 
of  approximately  '^.035  dB  (roughly  4040  ppm)  ,  is  included 
with  the  5,300  ppm  probable  error  previously  obtained,  the 
overall  uncertainty  in  the  free  field  comparison  calibration 
is  calculated  to  be  *^6,700  ppm  or  .06  dB  re  1  volt/ubar. 


IV.  SELF  CONSISTENCY  OF  THE  PLANE  WAVE 


BiSQNANT_RECIPROCIXY_CALIBRATION 

A.  INTRODUCTION 

Three  different  "experimental  calibrations"  of  the  same 
microphone  were  examined  to  experimentally  obtain  the 
precision  associated  with  the  plane  wave  resonant 
reciprocity  calibration  provided  by  the  output  of  the 
computer  program  listed  in  appendix  B. 

First,  the  external  electronics  package  normally 
connected  to  the  side  "A"  microphone  was  switched  with  the 
external  electronics  package  normally  connected  to  the  side 
"B"  microphone.  The  precision  associated  with  this 
electronics  "swap"  was  then  experimentally  observed.  This 
exchange  is  illustrated  in  the  figure  below. 


A 


Plane  wave  resonant 
cavity 


B 


with  the  same  signal  path 

Figure  4.  1  6!2_itlustrat i,gn_gf _the_;ieiectronics_swaD^ 

Second,  two  physically  different  right  circular 
cylindrical  plane  wave  resonant  cavities  were  eacn  used  to 
caiiDrate  tne  same  micropnones.  Here  tne  precisicr. 
associated  with  the  mechanical  details  ot  the  construe  1 1  or. 
of  the  cavities  and  tne  ph/sical  remounting  ot  t“5 
microphones  was  observed.  A  comparison  between  these  two 
plane  wave  resonant  cavities  is  illustrated  in  the  tigure 
below.  Note  that  every  third  harmonic  o+  the  long  cavity  is 
matched  with  tne  narrnonics  associated  witn  the  shert 
c  a  V 1  t  y  . 
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'  •V"'  “  "  '*«’■  •\  “  •-* 


Fo  =  245  hz 


LONG  PLANE  WAVE 
RESONANT  CAVITY 


length  =  70  1  2  cm 
inside  diameter  =  3.44  cm 
material  =  brass 


Fo  =  735  hz 

«  SHORT  \ 

H  CAVITY  j 

length  =  23.37  cm 
inside  diameter  =  2  51  cm 
material  =  brass 


Figure  4.2  Ihe_r e^at i.ve_si.2es_o£_£l^ane_wave 


Third,  the  reference  microphone  was  calibrated  opposite, 
reciprocal  microphones  oT  significantly  Pifferer.- 
sensi  1 1  /  1  r  i  es.  In  the  case  of  the  WE640AA  microphones 
here,  this  difference  in  sensitivity  level  was  ro^ignlv  4  of 
Over  the  frequency  range  considered. 

Finally,  whatever  the  configuration,  each  tine  the  plane 
wave  resonant  reciprocity  calibration  was  calCLilated,  a  si  : 
wa/  round  robin  self  ccnsistency  checf  w.as  rpta:n'==c  -s 
described  in  chapter  t.-.o.  In  tnis  procedure,  tw.o  :  fer>-‘n-; 
'-al  i  hrat  i  ons  wer-  op  t  i  lei '.  fvr  each  of  the  *■'  ree  niirnphT;  -i 


-  238  - 


* 

r  -- 


involved  in  every  plane  wave  resonant  r  ec  i  pr  oc  i  t 

calibration.  One  calibration  was  based  upon  the  absol-ti 
plane  wave  resonant  reciprocity  calibration  o-f  microphone  A 
and  the  other  calibration  was  based  upon  the  absolute  plane 
wave  resonant  reciprocity  calibration  o-f  microphone  B.  The 
entire  "set"  is  listed  below: 


Ma 

Mab 

Mb 

Mba 

ilea 

Mcb 


plane  wave  resonant  reciprocity  calibration  o+ 
mic  "A". 

comparison  calibration  o-f  mic  "A"  based  upon  the 
reciprocity  calibration  of  mic  ”B". 
plane  wave  resonant  reciprocity  calibration  of 
mic  "B". 

comparison  calibration  of  mic  "B"  based  upon  the 

reciprocity  calibration  of  mic  "A", 

comparison  calibration  of  mic  "C"  based  upon  -.he 

reciprocity  calibration  of  mic  "A". 

comparison  calibration  of  mic  "C"  based  upen  the 

reciprocity  calibration  of  mic  ‘B". 


Five  d i f 
necessary  to 
cal  1  brat ;  or. s. 


ferent  el ectromechani cal 
observe  the  precision  of 
A  discussion  of  tnese  co 


c.onf  i  gur  at  1  ons  were 
these  e;.  per  1  laen  L  a  i 
r. :  i  g ;.u- a 1 1  or, s  and  ti  e 


.■'es.,its  obv.air.ed  will  be  giver,  rie-:  t 


B.  THE  OBSERVATION  OF  EXPERIMENTAL  PRECISION 


The  -five  electromechanical  con-figurations  used  to 
determine  the  experimental  precision  are  shown  in  the  -figure 
below: 


tube* 

I248a‘ 


IV. 


1 


mic  C 

Knowles 


Knowles 


[m.e  A  f  iShort  tube 
1248A 


1  mtc  6 

0815B 


mic  C 


V 


Knowles 


[mitAiiishort  tube;  |micB 
1248A 


1082B 


Figure  4.3  Electromechanical _cgn^^gur at i^gn5_used 
i.n_the_Bl^ane_wave_resgnant_reci  grgci_ty_cal_ibratignSi 


The  "A"  or  "B"  subscript  to  the  WE640AA  condenser  microphone 
serial  numbers  refers  to  the  external  electronics 
configuration  of  bias  box  and  preamplifier  used  for  that 
microphone  in  a  particular  calibration  run.  Throughout  the 
calibrations  obtained  using  the  above  configurations, 


microphone  serial  #1240  was  the  "re-ference"  micr^phcne  wr.cse 
plane  wave  resonant  reciprocity  calibrations  were  ultimatel/ 
compared  with  a  pressure  coupler  calibration  obtained  tor 
the  same  microphone  at  the  National  Bureau  ot  Standards.  In 
row  I.  o-f  -figure  4.3  above,  the  WE640AA  microphone  serial 
#1248  was  calibrated  in  the  long  tube  using  side  "B" 
electronics.  In  row  II.  of  figure  4.3,  tne  reference 
microphone  was  calibrated  using  side  "A"  electronics.  In 
row  III.  of  figure  4.3,  the  reference  microphone  is  paired 
opposite  WE640AA  serial  #1082  which  is  approx  i  matel  y  four  dB 
less  sensitive  than  the  WE640AA  serial  #815  previously 
used.  In  rows  IV.  ?<  V.  of  figure  4.3,  the  short  tube  is 
used  to  pair  the  reference  microphone  with  the  serial  #815 
and  serial  #1082  microphones,  respective!/.  A  compilation 
of  the  "raw  calibration"  program  output  for  these  different 
configurations  is  tabulated  below. 


<A11  calibration  values  are  -for  UjE640AA  serial  #1243  in  cB  re  1 
vol t/ubar . ) 

<The  frequency  of  the  calibration  equals  the  mode  #  times  245  hz 


Long  tube 

mode  #  Configuration/average 

sigma 


Short  tube 

average 

Conf 1 gur at  1  on / aver age  long- 

8<  sigma  average 
short 


I. 

II. 

I. -II 

.  III. 

IV, 

V. 

1 . 

-48.98 

-48.93 

-.  05 

-48, 39/-4a. 93 

.  05 

r) . 

-48.93 

-48.93 

.00 

-48. 93/-4B. 93 

.00 

T; 

-48.87 

-48.89 

+  .02 

-48.3a/-48.88 

-48.87 

-48.357-48.8.3 

.01 

.  01 

4. 

-48. 90 

-48.88 

-.02 

-4a.a8/-4a.a9 

.  01 

5. 

-48.83 

-48.87 

+  .04 

-48. 867-48. 85 

.02 

6. 

-48.88 

-48. 86 

- .  02 

-4a.a5/-48.86 

-48.81 

-48.817-48.81 

.  02 

.  00 

-> 

-48, 77 

-48.80 

+  .03 

-48.ai/-4a. 79 

.  02 

a. 

-43.77 

-48,74 

-.03 

-48.737-48.75 

.02 

9. 

-48.63 

-48.69 

+ .  06 

-48.677-48. 66 

-48.71 

-43.687-48.70  . 

.  (;i3 

.  02 

1 0 . 

-48.71 

-43.69 

-.02 

-48, 677-48. 69 

1 1 . 

-48.60 

—43 . 66 

+  .  06 

• 

“48.64/-48, 63 
-  03 

“43-  6*.'/  —  4y  *  6  1 

1  2. 

-48.63 

-48.61 

02 

-43. d  J 

-48.  5&7-4E  .  o'.i 

13. 

~  4  8  ■  D  3 

-48.58 

+ .  05 

-48.577-48.56 
.  1  >3 

-48.567-43.57 

14. 

“48.58 

-48.58 

.  00 

.  01 

-48.55  -48.58  .  OZ  -48. 56/-48. 56  -48.5'j  -4-8 . 57 / -4S  . 'id 

.02  .  0'.: 
-48.53  -48.56  ^.03  -48 . 53/ -43 . 54 

.  0  2 

-43,54  -48.58  -t-.  '.iu  -43.  55/-‘i3. 56 

i2 

-48.51  -43. 5d  ".''5  -*18 . 53  ' -48. 53 


-48.51  -43. 


O 


-48.  5  .1  43.4  1.  -43. 4o 


%  .  \  •-  -v 


20.  -48.55  -48.63  +.08  -48. 59/-43. 59 

.  04 

21 .  *-49.  48*-48.  71  -.77  -48 . 77/ -48 . 74  -48.70  -48  .  o3/ -•♦e  .  o ' 

.  04  .  i!)  1 

22.  -48.75  -48.78  +.03  -48. 85/-48. 79 

.  05 

23.  -48.96  -48.95  -.01  -49. 00/-48. 97 

.03 

note  1:  The  data  for  mode  #21  in  column  I  is  ignored  in  the 
statistics  for  that  row  as  bad  data. 

note  2:  The  various  configurations  of  microphones  and 
preamplifier  systems  (I.,  II.,  etc,...)  are  found  in  figure  4. 


Table  4.1  WE640AA_ser ^a^_#J^24a_ca^i^br at^on_dat a^ 

When  the  statistics  of  the  above  data  are  determined,  the 
sigma  of  the  average  modal  calibration  level  is  ''.02  dB  for 
both  the  long  and  short  tube  data.  Additionally,  with  the 

e;;ceptian  of  the  data  obtained  at  mode  #9  (2205  hr),  the 

short  tube  calibrations  averaged  ''.<!)5  d&  greater  sen^iti'.it/ 
level  when  compared  to  the  long  tube  calibrations.  This  is 
in  the  direction  expected  since  the  negative  cor'-ection 
necessary  to  account  for  the  finite  compliance  of  che 
mi  crop  .ne  .s  greater  in  magnitude  =r.i_w;i  ir  ■  r.e 

chapter)  when  the  microphone  is  mountel  in  the  s, nailer  p.ane 

wave  resonant  cavit,. 

Next,  the  round-robin  precision  associated  with  eacn 
modal  calibration  is  discussed. 


f. 

■V‘A‘ 


o  V  • 

m 


C.  THE  PRECISION  FOUND  FOR  THE  ROUND-ROBIN  COMPARISON 


For  each  o-f  the  configurations  shown  in  figure  4.3,  -he  si:; 
way  round  robin  self  consistency  check  was  obtained  by 
comparing  the  two  different  calibrations  obtained  for  any 
one  of  the  three  microphones  involved.  The  following  taole 
lists  the  results  obtained  for  the  relative  error  between 
these  two  calibrations.  The  relative  error  obtained  using 
configurations  II,  IIIi  and  IV  is  presented  below  r.-r 
comparison.  As  shewn  in  figure  4.3,  configurations  II  and 
III  used  the  long  tube  while  configuration  IV  used  the  shore 
tube.  In  each  case,  the  relative  error  was  calculated  as, 


Mode  i*  f  requency  <hz  ;  3cri  r  :  gur  a  L  i  o.', 

II  rel  at  1  /e  er  -  or 

7  '  '  *  T  I 


1 

243 

1)40 

r  .  '.'0  I 

4'?0 

•►.085 

"T 

735 

+ .  C>  1'^ 

+  .013 

'  .  I  4 

10 

2450 

-.009 

+  .004 

11 

2695 

-.  144 

-.  000 

12 

2940 

-.017 

-.001 

-.070 

13 

3185 

-.006 

-.001 

14 

3430 

-.016 

-.009 

15 

3675 

-.006 

+  .004 

-.023 

16 

3920 

-.017 

-.005 

17 

4165 

-.003 

+  .055 

IB 

4410 

-.011 

-.001 

-.022 

19 

4655 

-.011 

-.001 

20 

4900 

+  .060 

+  .058 

21 

5145 

-.021 

-.008 

-.010 

22 

5390 

-.012 

-.009 

23 

5635 

-.009 

-.065 

Table  4.2  Round  robin  comparison  between _|ja_and 
Mab  to  obtain  the  "modal “  experimental  _precislon^ 

The  worst  comparison  between  Ma  and  Mab  was  -found  for 
configuration  II  at  mode  ii.  For  this  Morst  case,  the 
fractional  error  was  0.144  */..  This  corresponds  to  a 
calibration  difference  of  “^.013  dB  in  the  sensitivity  levels 
obtained  for  Ma  and  Mab.  The  average  value  of 
<Ma-Mab)  /  (Ma+Mab)  was  found  to  be  0.026  which  corresponds 
to  an  average  calibration  difference  in  sensitivity  levels 
of  "^.002  dB.  Thus,  the  round-robin  self  consistency  check 
shows  an  average  difference  betMeen  lia  and  Mab  i>f  '^.004  dB. 

The  next  examination  of  experimental  precision  will  deal 
with  that  precisian  found  when  the  external  combination  of 
preamplifier  and  bias  boxes  on  sides  ''A'’  and  "B"  are 
exchanged , 
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D.  THE  PRECISION  ASSOCIATED  WITH  THE  SWAP  OF  SIDE  "A"  AND  SIDE 

"B"  EXTERNAL  ELECTRONICS 

In  table  4.1,  a  comparison  o-f  the  results  found  for 
configurations  I  and  II  Mill  yield  an  estimate  of  the 
experimental  uncertainty  due  to  inaccuracies  in  the 
•lactronics  systems  calibration.  From  the  data  so  obtained, 
it  is  impossible  to  determine  if  there  was  a  significant 
systematic  error  applied  equally  to  the  calibrations  of  both 
electronic  systems.  Any  such  error  will  appear  in  the 
absolute  comparisons  which  will  be  given  in  chapter  five. 

The  average  difference  between  configurations  I  and  II  was 
-.018  dB.  The  standard  deviation  of  this  quantity  was  .035 
dB.  This  indicates  that  the  experimental  limit  in  the 
temperature  independent  calibration  of  the  electronics  was 
reached.  Any  systematic  error  introduced  as  a  result  of 
calibration  differences  existing  between  the  side  "A"  and 
side  "B"  electronics  was  masked  in  the  standard  deviation  of 
Ma<1248)  minus  Mb (1248). 

Next,  the  precision  of  the  "A"  side  serial  #1248 
microphone  calibration  is  determined  as  the  microphone  on 
the  "B"  side  is  changed  to  one  of  significantly  different 
sensitivity. 


E.  THE  PRECISION  OBTAINED  BY  REPLACING  THE  SIDE  "B  '  RECIPROCAL 
MICROPHONE  WITH  ONE  HAVING  A  SIGNIFICANTLY  DIFFERENT  SENSITIVITY 
(4  DB) 

When  the  results  obtained  with  configurations  II  and  III 
shown  in  table  4.1  are  compared,  the  experimental 
uncertainty  due  to  exchanging  the  side  "B"  reciprocal 
microphone  is  observed.  The  average  difference  here  was 
-.01  dB  with  a  standard  deviation  in  this  difference  of  . OZ 
dB.  Again  the  observable  systematic  error  shown  by  the 
average  difference  was  less  than  the  statistical  uncertainly 
in  the  procedure.  This  result  shows  that  there  was  no 
statistical  difference  in  the  calibration  of  the  reference 
microphone  as  the  sensitivity  of  the  side  "B“  microphone  was 
changed . 

Next,  the  precision  associated  with  replacing  the  long 
tube  with  the  snort  tube  is  discussed. 


F.  THE  PRECISION  ASSOCIATED  WITH  REPLACING  THE  LONG  TUBE  WITH 
THE  SHORT  TUBE  AS  THE  PLANE  WAVE  RESONANT  CAVITY 


When  the  results  obtained  with  the  long  tube  were 
compared  with  the  results  obtained  with  the  short  tube,  the 
average  absolute  difference  in  calibration  was  .05  dB  with  a 
standard  deviation  of  .03  dB.  In  six  of  the  seven 
frequencies  used  for  comparison  of  the  calibration  results 
<conf iguration  II  data  vs  configuration  IV  data),  the 
sensitivity  obtained  using  the  long  tube  was  less  than  that 
obtained  using  the  smaller  tube.  This  relative  difference 
in  raw  sensitivities  is  expected  as  shown  by  the  calculated 
magnitudes  of  the  impressed  pressure  correction  which  are 
provided  in  chapter  five. 

In  the  following  section,  a  summary  of  the  experimental 
precision  found  for  the  plane  wave  resonant  reciprocity 
method  will  be  presented  and  the  average  uncertainty  in  the 
experimental  precision  will  be  computed. 


G.  A  SUMMARY  OF  THE  EXPERIMENTAL  PRECISION  FOUND  FOR  THE  FL-ANt 
WAVE  RESONANT  RECIPROCITY  CALIBRATION  METHOD 


The  summary  o-f  experimental  results  is  shown  in  the 
table  below.  All  calibrations  values  are  in  dB  re 
Ivolt/ubar  and  are  -for  W.E.6A0AA  serial  #1248. 


all  dB  re  IV/ubar 

Observation 

Average (dB) 

Sigma (dB) 

Electronics  swap 

1248A/ai5B  minus 
ai5A/124aB 

« 

-.018 

.035 

Side  "B"  exchange  of 
reciprocal  microphone 

1248A  re  8156  minus 

124aA  re  10826 

-.010 

.  029 

Long  tube  vs.  Short  tube 
1243A/ai5B  re  long  minus 
12483/8156  re  short 

-.032 

.  038 

Round  robin  self  consistency 
comparisons  for  configurations 
II,  III,  IV. 

aps ( 1 Ma-Mab ) / 1 Ma+Mab ) ' 

.  o<yj 

Table  4.0  A_5ummary_gf _Br§c^si^gn_^n_£l^ane_wave 
resonant_reci_2roc^ty_ca^i_br  at  i^ons 


From  the  data  summarized  in  the  above  table,  it  is 
obvious  that  the  comparison  between  h!a  and  Mab  in  the  se*  t 
consistency  chect  tor  all  the  plane  wa-e  resonant 


calibrations  is  an  order  o-f  macni  tude  smaller  tnan  cf  e  other 


V.  ABSOLUTE  ACCURACY  OF  EXPERIMENTAL  RESULTS 


A.  INTRODUCTION 

With  the  sel-f  consistency  of  the  calibrations  using 
plane  wave  resonant  reciprocity  established  in  chapter  four, 
several  corrections  to  the  raw  computer  output  must  be  made 
before  comparisons  can  be  made  between  plane  wave  resonant 
reciprocity  calibrations  and  NBS  pressure  coupler  comparison 
calibrations.  The  raw  computer  output  shown  below  was 
obtained  using  experimental  configurations  I  through  V 
listed  in  chapter  four,  figure  4.3.  These  are  plane  wave 
resonant  reciprocity  calibrations  for  the  W.E.640AA  serial 
#1248  condenser  microphone. 
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call  brat i ons. 


To  obtain  the  -final  values  for  the  absolute  plane  wave 
resonant  reciprocity  calibration,  four  corrections  must  be 
made  to  the  "raw"  program  calculation  of  Mo.  The  first  two 
are  general  corrections  to  the  "ideal"  resonant  reciprocity 
calculations  incorporating  equation  3.1  into  the  computer 
program.  The  third  results  from  the  experimental  procedure 


employed. 


The  forth  has  three  parts  and  corrects  for 


deliberate  errors  introduced  into  the  program  -for 
experimental  convenience.  All  the  corrections  are 
summarized  beloM. 


1.  The  impressed  pressure  correction.  The 
correction  due  to  the  -finite  compliance  o-f  the 
microphone.  ('^.001  to  '^.14  dB) 

2 .  The  correction  to  the  ratio  o-f  specific  heats . 

The  correction  to  the  bulk  modulus  of  elasticity  for  the 
air  volume  within  the  cavity  due  to  the  non-adiabatic 
boundary  conditions  at  the  walls  of  the  cylindrical  brass 
cavity  expressed  as  a  change  in  the  ratio  of  specific 
heats.  In  this  case,  a  correction  of  '^.007  dB  is  needed 
at  all  frequencies  to  correct  for  the  inaccurate 
calculation  of  this  correction  that  was  used  in 
the  computer  program. 

3 .  Ih£_dr i X i n 3_go i n i ac t r i ca i _ i egedan c e_cor r ec t i on . 

The  driving  point  impedance  correction  for  the  Thevenih 
equivalent  circuit  used  to  represent  the  condenser 
microphone.  negligible) 

4 .  Cor  r  ©c  t • 

a.  A  standard  electrical  definition  for  the  microphone 

must  be  used  prior  to  comparison  with  other 
calibration  results.  It  is  therefore  necessary  to 
subtract  out  the  capacitance  of  the  BNC  electrical 
connection  used  as  part  of  the  microphone  during 
this  experiment.  <~2.8pF)  A  correction  to  Mo  due 
to  this  change  in  microphone  capacitance  will 
result.  to  ~.36  dB  including  the  correction 

described  next  in  part  4b. > 

b.  For  experimental  convenience,  the  values  of  the 
bias  box  and  cable  capacitances  were  fixed  early 
in  the  writing  of  the  operational  computer  program 
and  are  listed  in  lines  670-760  of  the  program  in 
appendix  B.  Subsequent,  more  accurate  measurements 
of  these  capacitances  require  a  correction  to  Mo. 
<'^.16  to  "^.36  dB  including  the  correction  described 
above  in  part  4a. ) 

c.  The  drop  in  signal  voltage  across  the  D.C.  blocking 
capacitor  in  the  bias  box  of  the  microphone 
preamplifier  signal  path  was  temporarily  ignored  in 


.  *  L 


chapter  three.  As  shown  in  Appendix  E,  this  loss  is 
approximately  independent  o-f  frequency  over  the  rany^ji-^ 
of  frequencies  employed  in  this  experiment.  The  % 
correction  required  for  Mo  to  account  for  this 
"loss"  in  signal  is  roughly  +  0.03  dB. 


The  effect  of  the  compliance  of  the  microphone  on  the 
plane  wave  resonant  reciprocity  open  circuit  voltage 
receiving  sensitivity  calibration  will  be  discussed  first. 


-  274  - 


B.  CALCULATION  OF  THE  IMPRESSED  PRESSURE  CORRECTION 


Using  the  standard  method  of  pressure  coupler 
reciprocity  calibration  CRef.  33,  the  equivalent  volume 
correction  is  required  whenever  the  equivalent  volume  of  the 
pair  of  microphones  within  the  cavity  exceeds  0.4  percent  of 
the  physical  volume  within  the  coupler  CRef.  3:  p.l53.  This 
accounts  for  the  effect  of  the  acoustic  impedance  of  the 
microphone  on  the  pressure  coupler  microphone  calibration. 
This  correction  requires  the  accurate  determination  of  the 
equivalent  volume  of  the  microphone  under  calibration  or  the 
functional  equivalent ,  its  acoustic  impedance  CRef.  3: 
p.8].  The  method  of  plane  wave  resonant  reciprocity 
calibration  requires  the  determination  of  the  acoustic 
impedance  for  any  microphone  under  calibration  regardless  of 
the  volume  of  the  cavity. 

In  part  C  of  chapter  two,  the  correction  required  to 
account  for  the  finite  mechanical  impedance  of  a  microphone 
was  derived.  This  impressed  pressure  correction 
accomplishes  the  same  task  for  plane  wave  resonant 
reciprocity  as  the  equivalent  volume  correction  accomplishes 
in  pressure  coupler  reciprocity.  A  systematic  error  in  the 
plane  wave  resonant  reciprocity  calibration  of  condenser 
microphones  on  the  order  of  ~  0.001  to  .14  dB  re  Iv/ubar  may 
result  if  the  impressed  pressure  correction  is  ignored. 


Th«  correction  is  shown  in  equation  2.46  and  the 
acoustic  driving  point  impedance  is  given  in  equation  2.49. 
Both  equations  are  reproduced  below. 


1 


The  acoustic  impedances,  Za<mic  A)  and  Za(mic  B) ,  shown  in 
equation  2.49  must  be  exactly  measured  if  the  correction  is 
to  be  accurately  determined.  In  the  absence  of  an  accurate 
determination  of  these  acoustic  impedances,  an  average  value 
for  the  acoustic  impedance  of  a  WE640AA  laboratory  standard 
microphone  was  obtained  from  the  ANSI  standard  method  for 
the  calibration  of  microphones  CRef.  33.  This  value  was  used 
for  both  Za<mic  A)  and  Za(mic  B)  in  the  determination  of  the 
magnitude  of  this  correction  at  one  frequency  when  it  was 
illustrated  in  chapter  two.  While  this  will  allow  an 
approximation  to  be  made  in  calculating  the  impressed 
pressure  correction,  no  insight  is  obtained  with  regard  to 
the  possible  range  of  corrections  that  result  from  extreme 


samplss  <due  to  different  values  of  Za)  of  the  W.E.640AA 
microphone  population.  The  "equivalent  volumes"  of  two 
W.E.640AA  microphones  that  represent  such  extremes  and  which 
will  provide  such  insight  are  provided  below  in  table  5.1 
CRef.  293.  The  term  "equivalent  volume"  is  often  used  in 
pressure  coupler  calibrations  as  a  matter  of  convenience. 
It  is  simply  another  way  to  express  the  acoustic  impedance 
of  the  microphone  in  a  manner  which  simplifies  pressure 
coupler  reciprocity  calculations.  As  such,  it  will 
generally  have  both  a  real  and  an  imaginary  part 
representing  the  dissipative  and  reactive  portions  of  the 
microphone  impedance.  The  exact  relationship  CRef.  3:  p.83 
between  the  "equivalent  volume"  and  "Za"  must  be  used  to 
derive  the  final  impressed  pressure  correction  as  it  is 
shown  in  equation  5.2. 


Equivalent  volumes  o-f  two  condenser  microphones  CRef.  291 


W.E.640AA 

Serial#  646 

W.E.640AA 

Serial#  151 

-  all  units 

MKS,  M^3  - 

Frequency  (Hz) 

Re. val ume 

-  Im.  volume 

Re.  volume 

-  Im. volume 

(multiplied  by> 

€E-7} 

€E-9> 

<E-7> 

<E-9> 

50.0 

1 . 2207 

-.93636 

. 43979 

-.24779 

100.0 

1 . 2207 

-1.8728 

. 43976 

-.49557 

200.0 

1 . 2203 

-3.7458 

. 43965 

-.99101 

300.0 

1.2196 

-5.6195 

. 43946 

-1.4862 

400.0 

1.2187 

-7.4940 

.43919 

-1.9809 

500.0 

1.2176 

-9.3697 

. 43885 

-2.4751 

600.0 

1.2162 

-11.247 

. 43843 

-2.9687 

700.0 

1.2145 

-13. 125 

. 43794 

-3.4614 

aoo.o 

1.2125 

-15.006 

. 43737 

-3.9532 

900.0 

1.2103 

-16.889 

. 43673 

-4.4439 

1000.0 

1 . 2078 

-18.774 

.43601 

-4.9333 

1500.0 

1.1909 

-28.234 

.43131 

-7.3576 

2000.0 

1. 1660 

-37.751 

. 42477 

-9.7314 

2500.0 

1.1321 

-47.284 

.41646 

-12.038 

3000.0 

1 . 0878 

-56.746 

. 40645 

-14.262 

4000.0 

. 96365 

-74.797 

.38168 

-18.400 

5000.0 

. 78900 

-89. 957 

.35134 

-22.034 

6000.0 

. 57288 

-99.723 

.31659 

-25.073 

7000.0 

.34154 

-102.28 

. 27874 

-27.454 

8000.0 

. 12923 

-97.767 

. 23925 

-29. 148 

9000.0 

-.038557 

-88.254 

. 19954 

-30. 166 

10000.0 

-. 15406 

-76.476 

. 16094 

-30.550 

11000.0 

-.22358 

-64.609 

. 12456 

-30.373 

12000.0 

-.25897 

-53.866 

.091201 

-29.726 

13000.0 

-.27171 

-44.698 

.061398 

-28.709 

14000.0 

-.27059 

-37. 1 16 

. 035386 

-27.421 

15000.0 

-.26157 

-30.940 

.013165 

-25.952 

16000.0 

-.24846 

-25.938 

-.0054385 

-24.381 

17000.0 

-.23356 

-21.866 

-.020718 

-22.770 

18000.0 

-.21825 

-18.529 

-.033032 

-21. 167 

19000.0 

-.20327 

-15.902 

-.042759 

-19.609 

20000.0 

-. 18903 

-13.691 

-.050276 

-18. 119 

*  The  above  values  have  only  ~  three  significant  digits. CRef.  291 


Table  5.1  igui_va^ent_ygiumes_f gr_e>< treme_W^Ei640AA 


27B 


In  addition  to  these  values,  the  measured  acoustical 
impedances  for  four  particular  W.E.640AA  laboratory  standard 
type  "L"  microphones  were  obtained  from  the  literature  CRef. 


303. 


W.E.640AA  Acoustic  parameter 


Serial# 

Stiffness 

Mass 

Resistance 

(NM-'-S) 

(kgM'^-4) 

(NsecM — 5) 

1087 

1.95E-H2 

584 

3.80E+7 

1121 

l.aaE-t-12 

475 

3.63E+7 

1134 

1.67E+12 

473 

3. 12E+7 

0904 

1.52E+12 

434 

3. 16E+7 

design 

1.2  E+12 

420 

2.63E+7 

parameters 

CRef.  303 

Table  5.2  Tabulated  values  of  acoustic  impedance 
for  four  W.E. 640 AA  microphones 

When  equation  2.24  and  equation  2.49  are  combined,  two 
analytical  forms  of  the  impressed  pressure  correction  for 
plane  wave  resonant  reciprocity  may  be  computed.  Choice 
between  the  two  equations  shown  below  is  strictly  a  matter 
of  convenience.  The  first  expresses  the  correction  using 
the  acoustic  impedance,  and  the  second  uses  the  equivalent 
volume  of  the  microphone.  In  each  case,  it  is  assumed  that 
identical  microphones  are  mounted  in  the  ends  of  the  plane 


wave  resonant  cavity 


i 


ki  a.  p.  He 

A-r  Vo  ^  i/s 


Equation  5.1 


or, 


.  AA  Qm  Ve. 
At  Vo 


Equation  5.2 


where  we  de-fine: 

Ve  =  equivalent  volume  ;  c'(tPo3/C jwZal 
Ye  =  ratio  o-f  specific  heats 
fn  *  frequency  of  Nth  modal  resonance 
Za  3  acoustic  driving-point  impedance 
of  the  microphone 

Qn  =  quality  factor  of  Nth  modal  resonance 
Vo  =  volume  of  plane  wave  resonant  cavity 
At  =  area  of  tube  cross  section 
Ad  =  area  of  microphone  diaphragm 


Provided  the  resonant  frequencies  and  modal  quality  factors 
are  available,  the  correction  factor  can  be  calculated  for 
the  case  of  plane  wave  resonant  reciprocity  calibrations. 

Using  equation  5.2,  the  range  of  the  impressed  pressure 
corrections  can  be  calculated  ’using  experimental  data  for 
the  quality  factor  of  the  modal  resonance  while  the  data 
provided  by  the  National  Bureau  of  Standards  is  used  for  the 
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equivalent  voluffles  o-f  the  two  extreme  samples  o-f 


A  A 


•0.006 


-0.012 


-0.018 


-0.024 


-0.03 


A  A 


Long  tube 
Impressed  Pressure 
Correction  (dB) 


0  1200  2400  3600  4800  6000 

Frequency  (Hz) 


Figure  5.2  Qalcuiated_val.ues_gf_thB_i^mBressBd 

pressure  correction  applicable  to  the  "long”  tubg  plane  wave 

resonant  reciprocity  calibration,  sigma  <  ^003  dBj 

The  above  corrections  are  calculated  using  an  average  value 
o-f  Za  obtained  -from  table  5.2,  and  experimental  data  -for  the 
other  parameters  in  equation  5.1.  Mhen  the  same  proceedure 
is  used  -for  corrections  to  Mo  -found  using  the  "small" 
cavity,  both  the  magnitude  and  the  range  of  the  corrections 
are  slightly  larger. 


0  - ■ - - - - - - - - - - - ' - ' - ' - 

A 

-0.03  •  ^ 

I 

-0.06  •  T 

ii  ^ 

-0.09  ■  Short  tube 

•  Impressed  Pressure  T 

-0.12  Correction  (dB)  ,, 

T 

”^*^^0  1200  2400  3600  4800  6000 

Frequency  (Hz) 

Figure  5.3  Cal_cul.atBd_val^ues_gf_the_i_fnBres5ed 
pressure  correction  applicable  to  the  "short"  tube  plane  wave 
resonant  reciprocity  calibration,  C3  sigma  shown] 

The  impressed  pressure  correction  -for  the  short  tube 
(•figure  5.3)  is  larger  than  that  obtained  for  the  long  tube 
(figure  5.2).  The  impact  of  this  difference  on  the  absolute 
calibration  results  will  be  discussed  in  the  next  chapter. 

The  next  section  will  discuss  the  correction  to  the  bulk 


A  -r. 


Short  tube 
Impressed  Pressure 
Correction  (dB) 


I  1'  I 


modulus  of  elasticity  for  the  air  within  the  resonant  cavity 
due  to  the  non-adi abati c  boundary  conditions. 


C.  THE  CORRECTION  TO  THE  BULK  MODULUS  OF  ELASTICITY  WITHIN  THE 
PLANE  WAVE  RESONANT  CAVltY  DUE  TO  THE  NON-ADI ABATIC  BOUNDARY 
CONDITIONS 

In  chapter  three,  the  form  of  the  adiabatic  bulk  modulus 
of  elasticity  for  the  air  within  the  resonant  cavity  was 
given  as  the  product  of  the  atmospheric  pressure  and  the 
ratio  of  specific  heats.  The  general  correction  to  account 
for  the  change  in  stiffness  of  the  volume  of  air  within  the 
resonant  cavity  due  to  the  non-adiabatic  boundary  conditions 
was  given  in  equation  3.37  as  a  correction  to  the  ratio  of 
specific  heats  obtained  under  free  field  conditions  of 
temperature  and  humidity.  A  correction  to  the  sensitivity 
level  that  incorporated  this  correction  was  given  in  figure 
3.21.  In  general,  to  account  for  effect  of  the  change  in 
stiffness  of  the  volume  of  air  within  the  resonant  cavity 
due  to  non-adiabatic  boundary  conditions,  the  sensitivity 
level  must  be  corrected  by  adding: 


lO  LO<i 


Equation  5.3 


When  the  solution  for  the  effective  value  of  gamma  is  first 
obtained  using  the  program  solution,  and  next  using  equation 


3.37,  the  program  solution  is  found  to  be  ~.007  dB  too  low 


across  a  percent  relative  humidity  and  temperature  range  o-f 
40V.  <  H  <  65*/.  and  19  deg  C.  <  T  <  21  deg  C. 

The  raw  sensitivity  levels  plotted  in  -figure  5.1  must 
there-fore  be  increased  by  ~.007  dB  to  correct  the  program 
results  -for  the  -fundamentally  wrong,  but  only  slightly 
inaccurate  solution  for  the  effective  gamma  programmed  in 
lines  3770-3810  of  the  program  shown  in  appendix  B. 


D.  THE  ELECTRICAL  DRIVING  POINT  IMPEDANCE  CORRECTION 


When  the  electrical  model  -for  the  W.E.640AA  serial  #1248 
condenser  microphone  was  chosen,  the  e-f  +  ect  o-f  the  medium 
upon  the  motion  o-f  the  microphone  diaphragm  and  consequently 
upon  the  electrical  driving  point  impedance  was  assumed  to 
be  negligible.  Thus,  neglecting  the  electrical  resistance 
o-f  the  dielectric  in  the  back  volume  of  the  microphone,  the 
electrical  model  chosen  was  that  of  a  simple  capacitance: 


_i _ _ 

\  ^rA\C  . 


Equation  5.4 


The  validity  of  such  an  assumption  rests  upon  two 
conditions.  First,  that  the  length  of  the  tube  loading  the 
diaphragm  at  a  plane  wave  resonance  is  a  multiple  of  a  half 
wavelength.  Second,  that  the  termination  at  the  opposite 
end  of  the  tube  is  for  all  practical  measurements,  rigid. 
These  conditions  illustrate  one  method  used  to  obtain  the 
blocked  electrical  impedance  (^capacitive)  of  a  condenser 
microphone.  If  the  termination  at  the  opposite  end  is 
absolutely  rigid  and  if  the  system  has  1 ow  -di ssi pati on  (high 
Q) ,  then  the  motion  of  the  diaphragm  is  effectively  blocked 
Csee  equation  2.431  and  Zeb  can  be  measured  CRef.  291.  Since 
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th«  plana  wave  resonator  was  anticipated  to  operate  under 


these  conditions,  the  assumption  seemed  reasonable. 
However,  even  though  the  system  used  had  low  dissipation 
(high  Q) ,  the  termination  at  the  opposite  end  was  a  finite 
impedance  resulting  from  the  combination  of  another 
W.E.640AA  and  a  semi-rigid  plastic  mount.  The  desired 
blocked  mechanical  conditions  provided  by  an  absolutely 
rigid  end  were  not  achieved. 

A  calculation  of  the  motional  impedance  of  the 
microphone  and  an  analysis  of  the  required  correction  (if 
any)  is  therefore  necessary  to  examine  the  validity  of  the 
assumption  that  the  experimental  termination  is  essentially 
rigid. 


Equation  5.5 


where , 

Ze  *  electrical  driving  point  impedance. 

Zeb  s  blocked  electrical  impedance. 

Zmot  a  motional  impedance 

When  equation  2.21  was  employed  to  calculate  Ha,  the 
value  of  el  was  calculated  using  equation  3.13  which  in  turn 
was  based  upon  figure  3.8  and  the  simple  electrical  model 
given  in  equation  5.4.  Using  figure  3.8, 


VOUT 

G, 


^  i 

2:£a 


Equation  5.6 


whara , 

6  *  gain  o-f  signal  praamplifiar 
Zt  «  total  input  impadanca  at  tha  praampl i f ier . 
Zab  >  blockad  alactrical  impadanca  (1/jmC). 


In  tarms  o-f  Zt  and  Zab,  tha  program  solution  -for  al  was, 


Nl  - 


t 


Ze% 


Equation 


5.7 


If  the  actual  electrical  driving  point  impedance  had  bean 
measured  and  used  in  the  calculation  instead  of  Zeb,  the 
solution  for  el  would  have  been: 


(<.0A«6ct) 


VOUT 


5.8 


where  Ze  is  the  electrical  driving  point  impedance  and  is 
defined  as  the  ratio  of  the  voltage  across  the  input 


tarminals  of  the  microphone  divided  by  the  input  current 
when  the  microphone  is  operating  under  the  load  of  the  plane 
wave  resonant  cavity. 

The  correction  to  the  calculated  value  of  ha  obtained 
using  equation  3.13  which  accounts  for  the  effect  of  the 
motional  impedance  upon  the  computed  value  of  el  is: 

To  _ 

When  similar  considerations  are  made  for  the  correct 
calculation  of  i 1  using  Ze  instead  of  Zeb  (using  equation 
3.14),  the  correction  to  ha  becomes: 


Conft.  TO 


Equation  5.11 


If  Za,  Zeb,  and  Zt  were  available,  this  correction  could  be 
calculated.  However,  only  Zeb  and  Zt  are  available.  While 
this  does  not  allow  an  exact  correction  to  be  computed,  a 
close  approximation  can  be  determined. 


Equation  5.11  can  be  rewritten  slightly  to  be  of  the 


form: 


TO  — 


Mf‘ 

t)/ 


Equation  5.12 


Since  the  real  part  of  CZeb/Ztl  can  be  computed  and  can  be 
shown  to  be  very  much  greater  than  1,  the  correction 
becomes: 


Coaa  To  ^ 


i  ^ 


?eE 


Equation  5.13 


Beginning  with  equations  2.36  and  dividing  VI  by  II,  the 
determination  of  Ze  yields  a  solution  for  Zmot.  This  is  the 
method  shown  by  Hunt  CRef . 34; p. 963 .  The  traditional  value  of 
Zmot  as  obtained  by  Hunt  C— b^2/Z22D,  is  seen  to  be  modified 


by  tha  squara  o-f  tha  impraasad  prassura  corraction.  Whan 
thasa  rasults  ara  combinad  with  tha  transduction  coa-f-Ficiant 


praviously  datarminad  (saa  tha  taxt  ba-fora  aquation  2.S4)  , 
aquation  5.13  is  o-f  tha  -fora* 


diug.  Z.WT 


1  M  )  V  €.  Ae)  i* 


Equation  5.14 


Hara  tha  tarm  IMPC  ra-fers  to  the  iapressad  prassura 

correction  praviously  derived.  Since  tha  largest  magnitude 

o-f  tha  impressed  pressure  correction  is  0.9B,  it  is  the 

magnitude  o-f  other  terms  -found  in  tha  transduction 

coe-f-f icient  and  tha  acoustic  impedance  which  will  determine 

tha  magnitude  o-f  this  correction.  When  the  phase  of  the 

impressed  pressure  correction  is  ignored,  the  remaining 

terms  yield  the  value  of  the  maximum  possible  correction  due 

to  Zmot.  This  worst  case  magnitude  is  approximated  by 

substitution  of  the  following  values  into  equation  5.14: 

Eo  117  volts 
Co  49.  14  pf 
At /Ad  3.44 
Ae  1.29E-4  M''2 
Ra  3.43  E+7  NSM — 5 
Ma  492  KgM‘'-4 
Ka  1.76  E-H2  NM — 5 


E.  THE  CORRECTION  DUE  TO  REVISED  VALUES  OF  MICROPHONE  AND  TOTAL 
BIAS  SUPPLY  CAPACITANCE 


At  an  aar ly  staga  in  tha  axpariment,  it  was  decided  that 
the  electrical  de-finition  of  tha  “microphona"  would  for 
simplicity  includa  tha  BNC  connector  that  was  fabricated  for 
the  electrical  connection  to  the  W.E.640AA  microphone 
cartridge.  This  resulted  in  the  capacitance  of  the 
"extender"  contributing  to  a  slight  increase  in  the 
capacitance  measured  for  the  "W.E.640AA  microphone"  and  at 
the  same  time  contributing  to  an  equal  decrease  in 
capacitance  measured  for  the  external  system  capacitance. 
When  this  "extender”  capacitance  is  taken  into  account  in 
the  sensitivity  calculations,  a  correction  results  for  the 
open  circuit  voltage  receiving  sensitivity  for  the 
microphona. 

Additionally,  a  considerable  time  passed  from  the  first 
measurement  of  microphone  capacitance  and  the  final  result. 
Consequently,  the  values  of  capacitance  used  for  various 
capacitance  terms  in  the  analytical  solutions  for  "Mo"  that 
were  programmed  on  the  computer  were  "frozen"  for 
computational  purposes,  knowing  full  well  that  a  later 
correction  would  be  necessary.  These  corrections  and  the 
"extender"  correction  were  made  using  equation  5.15  below. 
Equation  5.15  is  obtained  from  equation  3.11  and  the  fact 
that  the  open  circuit  voltage  receiving  sensitivity  is 


directly  proportional  to  the  received  signal  voltage,  el. 


hUofCed) 

/k.(pAog^w») 


Equation  5.15 


Here  Me  define, 


Ct 

Cf 
Ct '  ' 

Cm 

Cm ' 
Cm'  ' 

R 


w 


program  value  used  for  the  cable  and  bias  supply 
capacitance. (BTAR: 177. 28pf ,  ATBR: 176. 053pf ) 
corrected  experimental  measure  of  Ct. 

Ct *  corrected  to  include  the  “extender"  capacitance. 
(BTAR; 173. 22pf,  ATBR; 171 . 42pf ) 

program  value  used  for  the  microphone  capacitance. 

(Serial  #1248:  52.722pf) 

corrected  experimental  measure  of  Cm. 

Cm'  corrected  to  exclude  the  "extender"  capacitance. 
(Serial  #1248;  49.41pf ) (#1248  BNC  Connector  ■  2.75  pf > 
parallel  combination  of  the  bias  blocking  resistor  and 
the  input  resistance  of  the  signal  preamplifier. 

( BTAR :  '^5047050ohms ,  ATBR ;  '^4987470ohms ) 

2*pi*Fn 


Since  there  were  six  experimental  combinations  of 
microphone-system  pairs,  there  were  six  different  sets  of 
corrections  that  were  calculated.  As  shown  below,  the 
magnitude  of  the  correction  required  depended  primarily  upon 


the  correction  to  the  microphone  capacitance. 


capacitance 


♦  WE640AA  #815,  side  A 
a  WE640AA  #815,  side  B 
X  WE640AA  #1248,  side  A 

A  WE640AA  #1248,  side  B 

+  WE640AA  #1082,  side  A 

o  WE640AA  #1082,  side  B 

at****^**************** 


0  1200  2400  3600  4800  6000 

Frequency  (hz) 

Figure  5.4  Ihe_(5tcrgBh9D5_Bly§_^i®S_&951 

combinations. 


This  correction  would  be  unnecessary  for  experimental 
setups  where  the  magnitude  of  the  electrical  parameters  were 
well  established  and  properly  included  in  the  controlling 
computer  program. 

The  final  correction  to  be  considered  is  a  result  of  the 
approximation  of  the  circuit  shown  in  figure  3.3  by  the 
circuit  shown  in  figure  3.4.  This  coupling  capacitance 
correction  is  derived  in  appendix  E  and  will  be  summarized 
in  the  next  section. 


F.  THE  COUPLING  CAPACITANCE  CORRECTION 

When  preliminary  solutions  for  the  received  signal 
transfer  function  given  by  equation  3.11  were  made,  it  was 
convenient  to  note  that  the  signal  loss  due  to  the  blocking 
capacitor  Cc  in  the  circuit  shown  in  figure  3.3  was  roughly 
constant  across  the  frequency  range  of  the  resonant 
reciprocity  calibration.  The  correction  for  the  drop  in  the 
signal  voltage  across  the  blocking  capacitor  which  was 
temporarily  neglected  and  must  now  be  included.  In  Appendix 
E,  the  calculation  of  the  magnitude  of  the  required 
correction  was  shown  to  be  roughly  constant  at  +0.03dB  for 
the  calibration  frequencies  used  in  this  experiment.  The 
tabulated  corrections  are  shown  in  the  next  table. 

Frequency  (Hz)  correction  (dB) 

245  . 039 

490  . 032 

735  .031 

980  -  2695  .030 

2940  -  5635  .029 

average  =  .030,  sigma  =  .002 


Table  5.4  DiCi_Bl_gcking_caBacitgr_cgrrect i.gnsj^ 

This  concludes  the  descriptions  of  the  corrections  necessary 


to  obtain  an  absolute  calibration. 


Q.  THE  ABSOLUTE  PLANE  WAVE  RESONANT  RECIPROCITY  CALIBRATION 


^  •  10l!I9dy£^l90 

Wh«n  tha  valuas  obtainad  by  tha  computar  program  -for  the 
open  circuit  voltage  raciving  sanaitivity  are  corrected  as 
indicated  in  three  o-F  tha  preceding  -four  sections,  the 
calibration  is  compared  with  a  National  Bureau  of  Standards 
pressure  coupler  calibration  obtained  for  the  same 
microphone.  Tha  loMer  six  modal  calibrations  (below  1500 
Hz)  obtained  using  the  long  tube  have  an  average  discrepancy 
of  '^.03  dB  when  compared  with  the  NBS  calibration  data.  The 
lower  two  modal  calibrations  (below  ‘^1500  Hz)  obtained  using 
the  short  tube  have  an  average  discrepancy  of  *^0.06  dB  when 
compared  with  the  NBS  calibration  data.  Above  the 
frequencies  indicated,  the  difference  between  NBS  and  plane 
wave  resonant  reciprocity  calibrations  are  seen  to  increase 
beyond  the  experimental  uncertainty  of  the  plane  wave 
resonant  reciprocity  calibrations. 


2-  Exp»ri(n»ntal _ Results _ for _ The _ Pl.§ne _ !!i§ve_RBSonant  ^ 

Reciprocity  Calibration  Compared  With  a  NBS  Pressure  Coupler 
Qg!!!perispn_Cal  ibration  □btained_Fgr  The  Same  Microphone 

The  previous  corrections  are  applied  in  the  table  shown  below: 


All  dB  re  1  V/ubar ,  all  corrections  in  dB. 


I  *********  corrections  ***********  I 


f  req 

#1248  !  ratio  o-f 

*  extender 

IMPC  1  Cc 

1  -final  1  **  NBS 

(Hz) 

prog  ispeci-fic 

&  Ct 

1  corr 1  cal  1 

output  i heats 
(si gma) 

corr 

(.03  range) 

1 

1 

1 

245 

-48. 93 (.05) !+.007 

+  .32 

-.0001 +.039 

-48.561-48.55 

490 

-48. 93 (.00)1 

+  .27 

-.001 1+. 032 

-48.621-48.59 

735 

-48. 88 (.01)! 

+  .26 

-.001 1+.031 

-48.581-48.58 

980 

-48. 89 (.01)1 

+  .26 

-.0021 +.030 

-48.601-48.61 

1225 

-48. 85 (.02)1 

+  .25 

-.0031 

-48.561-48.61 

1470 

-48. 86 (.02)1 

II 

-.003! 

-48.571-48.63 

1715 

-48. 79 (.02)1 

II 

-.0041 

-48.51 1-48.63 

1960 

-48. 75 (.02)1 

II 

-.0051 

-48.461-48.63 

2205 

-48. 66 (.03)1 

II 

-.007! 

-48.381-48.64  . 

2450 

-48. 69 (.02)1 

•1 

-.0081  • 

-48.41 1-48.65  ^ 

2695 

-48. 63 (.03)1 

II 

-.0101 

-48.351-48.67 

2940 

-48. 61 (.02)1 

II 

-.011 1+. 029 

-48.331-48.67 

3185 

-48. 56 (.03)1 

II 

-.0131 

-48.281-48.70 

3430 

-48. 57 (.01)1 

II 

-.015! 

-48.301-48.73 

3675 

-48. 56 (.02)1 

II 

-.0161 

-48.291-48.76 

3920 

-48. 54 (.02)1 

II 

-.018! 

-48.271-48.79 

4165 

-48. 56 (.02)1 

•  1 

-.020! 

-48. 29 1 -48.84 

4410 

-48. 53 (.03)1 

-.0211 

-48.261-48,90 

4655 

-48. 60 (.03)1 

II 

-.0231 

-48. 331-48. 96 

4900 

-48. 59 (.04)1 

II 

-.024! 

-48.331-49.02 

5145 

-48. 74 ( . 04) 1 

II 

-.0261 

-48. 48 1 -49. 10 

5390 

-48. 79 (.05)1 

II 

-.0281 

-48.531-49.20 

5635 

-48. 97 (.03)1 

II 

-.0291 

-48.71 1-49.30 

*  The  value  o-f  this  correction  depends  upon  the  con-figuration 

used 

**  interpolated  -from  original  data.  See  table  5.7. 

Table  5.5  Absolute  plane  wave  resonant  reciprocity 

g§iLk!l§ti.9Q§_°bt§LQ§?[_y§iQ9_tt!®_Z2_£!I}_tube_cgmpared_with_the_NBS 


compar  i^son_ca^i_brations 


A  similar  tab la  showing  ths  corrsctions  appliad  to  tha 
raw  program  output  for  tha  short  tuba  is  naxt. 


All  dB  ra  1  V/ubar,  all  corractions  in  dB. 

:*««««****»  Corractions  ********  I 


freql  #1248  1  Ratio  ofS* 

Extender ! 

l!iPC!  Cc  !  Final 

**  NBS 

(Hz) i  prog  {specific! 

&  Ct  ! 

{  corr !  cal . 

!  output  ! 

heats 

corr  { 

i  1 

(sigma) 

(. 

03  range) 

735  !-48.86(.01) ! 

+.007  ! 

+.27  ! 

-.006 {+.031 {-48.55 

-48.58 

1470!-4B.ai (.00) 1 

! 

+.26  ! 

-.021 {+.030 {-48.53 

-48.63 

2205 {-48.70 (.02) 1 

II  1 

1 

+.26  ! 

-.045!  “  {-48.44 

-48.64 

2940 {-48. 60 (.02) ! 

'•  ! 

+.26  ! 

-.071 {+.029 {-48.37 

-48.67 

3675 {-48. 48 (.02) ! 

M  1 

1 

+  .25 

-.095!  {-48.28 

-48.76 

4410 {-48. 46 (.06) ! 

II  1 

1 

“  ! 

-.118!  "  {-48.28 

-48.90 

5145 1-48. 69 (.01) ! 

II  1 

1 

••  ! 

-.139!  "  {-48.53 

-49. 10 

*  The 
used. 


value  of  this  correction  depends  upon 
**  interpolated  from  original  data. 


tha  configuration 
Sea  table  S.7. 


Table  5.6  Absolute  ..plane  wave  reciprocity 

cal_ibratiQns_obtained  with  the. .23. cm. tube  compared  with  the  NBS 
comparison  calibrations. 

When  the  results  of  the  short  tube  and  long  tube  are  plotted 
with  the  NBS  data,  the  agreement  between  both  plane  wave 
resonant  reciprocity  tubes  is  apparent. 


NBS  data  ** 


W.E.640AA  Serial  #1248  data 


freq  I  I  upper  •  Average  resonant  I  lower  I 

Hz  run#l  run#2  !  limit  •  reciprocity  cal  !  limit  I 

(-t-sigma)  (-sigma) 

*«**«««**«***««  All  dB  are  re  1  Volt/ubar  «*««***■»«*■»**«**« 

CLong  tube  datal  CShort  tube  datal 


50  -48.48 

100  -48.51 

200  -48.55 

245 

300  -48.58 

490 

500  -48. 61 

700  -48.61 

735 
980 

1000  -48.64 

1225 

1470 

1500  -48.66 

1715 

1960 

2000  -48.65 

2205 

2450 

2500  -48.66 

2695 

2940 

3000  -48.69 

3195 

3430 

3675 

3920 

4000  -48.79 

4165 

4410 

4655 

4900 

5000  -49.03 
5145 
5390 
5635 

6000  -49.42 


-48.46  I 
-48.48  ! 
-48.53  I 

-48.54  ! 

-48.56  I 
-48.54  ! 


-48.59 


-48.60  ; 


-48.61 


-48.62 


-48.66 


-48.80 


-49.06 


-49.47 


-48.51 

-48.61 


-48.57 

-48.59 

-48.54 

-48.55 

-48.49 

-48.44 

-48.35 

-48.39 

-48.32 

-48.31 

-48.25 

-48.29 

-48.27 

-48.25 

-48.28 

-48.23 

-48.30 

-48.28 

-48.44 

-48.49 

-48.68 


-48.56 

-48.62 


-48.58 

-48.60 

-48.56 

-48.57 

-48.51 
-48. 46 

-48.38 

-48.41 

-48. 35 
-48.33 

-48.28 

-48.30 

-48.29 

-48.27 

-48.29 

-48.26 

-48.33 

-48.32 

-48. 48 
-48.53 
-48.71 


-48.61 

-48.63 


-48.59 

-48.61 

-48.58 

-48.59 

-48.53 

-48.48 

-48.41 

-48.43 

-48.38 

-48.35 

-48.31 
-48.31 
-48.31 
-48. 29 

-48.31 

-48.29 

-48.36 

-48.36 

-48.54 

-48.58 

-48.74 


-48.52 

-48.50 

-48.35 

-48.24 

-48. 13 

-48.04 

-48.38 


-48.55 

-48.53 

-48.44 

-48.36 

-48.28 

-48.28 

-48.53 


-48.58 

-48.56 

-48.53 

-48.48 

-48.43 

-48.52 

-48.68 


**  The  certified  NBS  calibration  specified  only  3  significant 
figures.  The  above  data  is  before  the  roundorf  provided  in  the 
formal  report  and  shows  the  individual  comparison  calibrations 
actually  obtained  as  referenced  to  two  separate  standard 


microphones  used  for  this  purpose  at  the  NBS  CRef  29]. 


Table  5.7  W.E.640AA  Serial  #1248  calibrations. 

The  upper  bound  is  one  "experimental  sigma"  above  the 
average  sensitivity  shown  in  the  center  column  -for  both  the 
long  and  short  data  sets.  The  lower  bound  is  one 
"experimental  sigma"  below  the  same  average.  For  each  data 
set  at  each  different  calibration  frequency,  the  sigma  used 
is  the  square  root  of  the  sum  of  the  squares  of  the 
experimental  sigma  found  for  Ma.  The  long  tube  results  agree 
with  the  NBS  calibration  to  within  *^.03  dB  up  to  1470  Hz  and 
the  short  tube  results  agree  with  the  NBS  calibration  to 
within  '^O.OA  dB  up  to  1470  Hz.  Above  this  frequency,  the 
resonant  reciprocity  calibrations  disagree  with  the  NBS 
comparison  calibration  beyond  the  experimental  uncertainty. 
However,  both  resonant  reciprocity  tubes  provide  consistent 
results  throughout  the  range  of  frequencies  used  in  the 
experiment . 

Since  the  diaphragm  area  of  the  microphone  occupies  a 
significant  portion  of  the  cross  sectional  area  of  the  short 
tube  (~547l  as  compared  to  ~29%  in  the  long  tube)  ,  any 
deviation  from  the  assumption  that  Za(mic  A)  equals  Za(mic 
B)  will  adversely  effect  the  accuracy  of  the  impressed 
pressure  correction  in  the  short  tube  to  a  greater  extent 
than  the  corresponding  correction  for  the  impressed  pressure 


H.  THE  CORRECTED  FREE  FIELD  COMPARISON  CALIBRATION 


Th«r*  ware  only  two  corrections  to  the  free  field 
comparison  results  given  by  program  ”N28".  The  first  is 
calculated  using  equation  5.15  with  a  change  of  value  for  Ct 
and  Ct ' *  to  255.0  pF.  When  this  is  done  the  correction  is 
essentially  the  same  for  all  the  frequencies  sampled  and  is 
equal  to  ■<■0.54  dB.  The  second  correction  is  for  the 
diffraction  of  the  microphone  and  mount  and  is  given  in 
appendix  A  to  reference  3.  With  both  of  the  corrections 
applied,  the  diffraction  corrected  (pentagon  plot)  free 
field  (star  plot)  comparison  calibration  is  superimposed 
upon  the  NBS  pressure  coupler  (triangle  plot)  calibration. 
In  addition,  the  uncorrected  free  field  results  are  shown 
with  Professor  Medwin's  calibration  results  in  figure  3.24. 
The  corrected  results  are  shown  on  the  next  page. 


0  3000  6000  9000  12000  15000 

Freq  (hz) 

Figur#  S.6  Th«  corr«ct»d  -fr—  compTi»qn 

cal ibratign_f or  W.E.640AA  »Ti#l_#1248  twicrophon». 


Since  the  diffraction  correction  obtained  from  data  in 
reference  A  is  accurate  only  for  a  standard  microphone  mount 
and  the  mount  used  in  this  experiment  Mas  not  standard,  the 
diffraction  correction  so  obtained  was  only  approximate. 
This  is  seen  in  the  '^0.5  dB  agreement  between  the  NBS 
pressure  coupler  results  and  the  diffraction  "corrected" 
results. 


In  th«  next  plot,  th«  data  is  "blown-up"  so  that  the  low 


-frequency  detail  is  seen. 
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Figure  5.7  Lgw_f reguency_detai l^_in_the_cgrrected 
free  -field  comparison  calibration. 


The  data  plotted  in  the  previous  two  plots  is  given  in  the 


table  below 


All  data  in 

dB  re  1 

Vol t/ubar 

NBS  data 

(pressure  coupler) 

Free  field 

data  for 

Serial 

#1248 

Freq 

run  ttl  run#2 

Free 

Ct  Free  diffraction 

diffraction 

Hz 

200 

-48.55  -48.53 

field 

"raw" 

Corr  field  correction* 
cal . 

corrected 

calibration 

24S 

300 

-48.58  -48.54 

-49.54 

0.54 

-49.00 

.0 

-49.54 

490 

500 

700 

-48.61  -48.56 
-48.61  -48.54 

-49. 19 

0.54 

-48. 65 

-.  1 

-48.75 

735 

-49. 13 

0.54 

-48. 59 

-.11 

-48.70 

980 

1000 

-48.64  -48.59 

-49.00 

0.54 

-48.46 

-.  19 

-48.65 

1470 

1500 

2000 

-48.66  -48.60 
-48.65  -48.61 

-48.63 

0.54 

-48.09 

-.48 

-48.57 

2205 

-47.86 

0.54 

-47.32 

-1.15 

-48.47 

2450 

2500 

-48.66  -48.62 

-47.33 

0.54 

-46.79 

-1.44 

-48.23 

2695 

3000 

-48.69  -48.66 

-47.42 

0.54 

-46. 88 

-1.77 

-48.65 

3185 

-46.50 

0.54 

-45. 96 

-2.44 

-48. 40 

3920 

4000 

-48.79  -48.80 

-45.51 

0.54 

-44.97 

-3.40 

-48.37 

4655 

5000 

-49.03  -49.06 

-44.37 

0.54 

-43.83 

-4.48 

-48.31 

5390 

6000 

7000 

-49.42  -49.47 
-49.97  -50.01 

-43.63 

0.54 

-43.09 

-5.59 

-48.68 

7595 

8000 

9000 

-50.55  -50.55 
-51.48  -51.59 

-42.07 

0.54 

-41.53 

-8.48 

-50.01 

9800 

-43.06 

0.54 

-42. 52 

-9.46 

-48.52 

12250 

-46.55 

0.54 

-46.01 

-9.23 

-55.24 

14700 

-50.63 

0.54 

-50.09 

-8.49 

-58.58 

*  L.R 

.  interpolation  to  data  listed  in  appendix 

A  of  Ref.  3 

Table  5.8  NBS  vs  Free  -Field  data 
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Sinca  th*  anachoic  chambar  is  dasignad  to  ba  ra-f  1  acti on— f raa 
■for  plana  wavas,  tha  normal  spaci-fic  acoustic  impadanca  o-f 
tha  Malls  is  intandad  to  ba  tha  “rho-c"  product  -for  air. 
This  is  not  a  par-fact  impadanca  match  to  spharical  acoustic 
wavas  which  hava  a  raactiva  componant.  Tha  spacific 
acoustic  Impadanca  o-f  a  spharical  wava  is  givan  balow. 


Equat 1  or  ^ & 


Uhan  tha  spaakar  and  microphona  ara  "ralatwair  z  .  a%m  ■ 
tha  wall,  maaning  kr  is  small,  thara  Mill  ba  a*  .  ac  r  .  .■<  «  • 

to  tha  impadanca  mismatch  avan  in  a  par^acr..  •>- a< - 
room.  Thasa  ra-flactions  causa  an  mrror  m  tn«  .«  •  -  - 

Additionally,  tha  raquiramant  CRa-f.  3:p.l^.  *■«-  « 

frequencias  the  acoustic  impadanca*  o*  t'»  ^  • 

within  2r ' /r  percent  o-f  "rho-c"  Mhara  r  .% 

separation  distance  from  the  surface  to  tn»  rr;  -  .i.-  v  . 
is  tha  microphone  separation,  is  not  mat.  Th»  ^-ac.  ' 

meat  thasa  restrictions  within  tha  anachoic  cramc*'  .% 
in  the  discrepancy  in  ho  observed  at  low  frequency. 
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I.  A  SUMMARY  OF  PLANE  WAVE  RESONANT  RECIPROCITY  CALIBRATIONS 


Th»  plan*  wava  rasonant  raciprocity  calibrations  shown 
so  far  hava  baan  thosa  obtainad  for  tha  W.E.640AA  sarial 
#1248  condansar  microphona  and  wara  usad  for  comparison  with 
tha  NBS  prassura  couplar  calibration.  Additional 
calibrations  for  two  mora  W.E.&40AA  condansar  microphones 
and  ons  small  alactrat  "haaring-aid”  subminiature  transducer 
ware  obtainad. 


0  1 200  2400  3600  4800  6000 

Frequency  (Hz) 

Figurm  5.8  FiaQa_!?aye_r esgnant_reci.gr gci_ty 

5§Iibratigns_lgr_Wi^E^64gAA_serials_#815_and_#1082_l  isted_tgg_tg 


bottom. 


The  absolute  experimental  uncertainty  is  essentially  the 


same  for  all  WE640AA  microphones,  ~  0.03  dB  below  1470  Hz, 
while  above  this  frequency  the  difference  between  the 
resonant  reciprocity  calibration  and  the  NBS  comparison 
calibration  climbs  to  a  maximum  of  '^.5  dB. 

The  theory  for  resonant  reciprocity  calibrations  has 
been  shown  to  absolutely  agree  with  standard  methods  of 
calibration  only  for  the  case  of  plane  wave  resonance  at  low 
frequency.  Experimental  results  that  extend  calibration 
frequencies  into  the  region  of  radial  and  azimuthal 
resonances  are  expected  to  fail  in  accuracy.  To  illustrate, 
the  calibration  data  plotted  on  the  next  page  shows  the 
agreement  between  short  and  long  tube  calibrations  out  to 
the  23rd  modal  resonance  in  the  long  tube  ("^5635  Hz)  which 
is  the  upper  limit  for  plane  wave  resonances  in  that  tube. 
The  effect  on  the  calibration  due  to  the  interference  of 
radial  and  azimuthal  modes  with  plane  wave  modes  is  apparent 
above  the  23rd  mode.  Here  the  discrepancy  between  short  and 
long  tube  calibration  results  is  seen  to  sharply  increase. 
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Figure  5.9  The  ef-fect  of  radial  and  azimuthal 


mgdes  on  the  plane  wave  resonant  reciprocity  calibration. 


These  calibrations  are  listed  as  approximate  since  they  are 
the  "raw"  program  output. 

The  type  BT-1751  Knowles  subminiature  transducer  was 
used  as  the  comparison  microphone  and  the  -following 
comparison  calibration  was  obtained: 
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^  Comparison  calibration  for 
Type  BT-1751  subminiature 
^  transducer  (re  WE640M#1 248) 


0  1200  2400  3600  4800  6000 

Frequency  (Hz) 

Figure  5.  10  CgfnBarisgn_caiibratign_fgr_the_t^Be 
BT-1751  Knowles  subminiature  transducer 


The  sigma  ai  the  experimental  precision  is  smaller  than  the 
size  o-f  the  plotting  symbols  in  this  calibration.  When  this 
calibration  is  compared  with  the  manufacturer  specifications 
for  this  device,  the  sensitivity  appears  to  be  about  ~1.5  dB 
too  low.  However,  the  variations  in  the  D.C.  supply  voltage 
for  the  Type  BT-1751  preamplifier  were  not  monitored.  From 
Knowles  technical  bulletins,  a  change  of  just  a  few  tenths 
of  a  volt  (1.25  Volts  to  1.0  volts)  can  cause  roughly  a  ~1.0 


N/m*| 


dB  drop  in  sensitivi 
BT— 1751  0«C.  supply 
the  experiment  <*^12 


ty.  Since  the  battery  used  to  power  th^ 
was  not  replaced  during  that  portion  o 
months),  such  a  drop  is  probable. 


-  FOR  OCCLUDED  EAR  HEARING  AIDS 


Open  CactMl  SanailfviTy  1 1  3  woe  Suppiyi 


Figure  5.11  Manufacturer J^s_caiibratign_curyes_'f or 
-----^EM_iZ5i,_§!!!d_Tyge_f 757_l<ngwfes_submf  nf  ature_transducers 

This  concludes  the  free  field  comparison  and  the  plane 
wave  resonant  reciprocity  calibration  experiments. 
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VI.  CONCLUSION 


A.  SUMMARY 


'  »  V", 

^  OT' 


In  chaptar  I,  tha  ganaral  subjact  o-f  acoustic 
reciprocity  calibrations  o-f  electroacoustic  transducers  is 
reviewed  and  the  e-f-fact  o-f  the  medium  and  boundary 
conditions  surrounding  the  transducer  are  considered  for 
three  different  experimental  environments.  Solutions  for 
the  acoustic  transfer  admittance  for  a  pressure  coupler 
calibration,  a  free  field  calibration,  and  a  plane  wave 
resonant  reciprocity  calibration  are  shown  to  differ  only  by 
a  multiplicative  constant.  Derivations  of  the  open  circuit 
voltage  receiving  sensitivities  are  provided  for  all  three 
techniques.  In  chapter  II,  considerations  are  made 
regarding  experimental  techniques  used  to  implement  plane 
wave  resonant  reciprocity  calibrations.  The  resulting 
reciprocity  equations  provide  a  six  way  round  robin  check  on 
experimental  precision  (plus  or  minus  .002  dB)  and  the 
number  of  experimental  parameters  required  for  the 
calibration  is  reduced  by  one.  The  derivation  of  a  plane 
wave  resonant  reciprocity  calibration  is  extended  to  include 
necessary  conditions  relating  the  acoustic  impedance  of  the 
reciprocal  microphone,  the  frequency,  the  speed  of  sound 


within  the  gas,  the  gas  density,  and  the  dimensions  o-f  the 
plane  wave  resonant  cavity.  An  impressed  pressure 
correction  is  derived  -from  the  canonical  equations  -for  an 
electroacoustic  transducer  by  making  the  reasonable 
assumption  that  the  diaphragm  o-f  a  condenser  microphone  dots 
"move"  under  the  in-fluence  o-f  an  acoustic  pressure.  This 
consideration  o-f  the  -finite  impedance  o-f  the  microphone 
results  in  a  correction  to  the  theoretical  sensitivity  o-f  an 
ideal  microphone  and  is  shown  to  depend  upon  the  ratio  o-f 
the  driving  point  acoustic  admittance  o-f  the  microphone  to 
the  trans-fer  acoustic  admittance  of  the  medium.  In  chapter 
III,  the  improvement  in  experimental  precision  due  to 
computer  control  of  the  data  acquisition  is  measured  and  the 
probable  errors  associated  with  experimental  measurements 
and  calculations  are  determined.  In  chapter  IV  the  self 
consistency  of  the  plane  wave  resonant  reciprocity 
calibrations  are  obtained  and  the  overall  experimental 
precision  is  found  to  be  ~0.045  dB.  In  chapter  V, 
calculations  necessary  to  determine  and  correct  for  the 
impressed  pressure,  the  effect  of  the  non-adiabatic  boundary 
conditions  on  the  stiffness  of  the  gas  within  the  resonant 
cavity,  circuit  analysis  approximations,  and  corrections  to 
values  of  program  constants  in  the  computer  program 


controlling  the  plane  wavu  resonant  reciprocity  calibration 
are  obtained.  Mhen  the  raw  experimental  calibration  data  is 


M  ■_!  j  i  ip  I  •  1^1  •  1^1  r  I  ^1 V .'  vj  p.  1 1.1 1>  j  f  j  p.i  wj  n  'j 


carrectmd  as  outlined  above,  the  absolute  plane  wave 
resonant  reciprocity  calibrations  have  close  experimental 
agreement  below  '^ISOO  hertz  (with  an  average  absolute 
discrepancy  in  the  long  tube  o-f  ‘^.03  dB  and  in  the  short 
tube  o-f  .06  dB)  with  that  portion  o-f  a  pressure  coupler 
comparison  calibration  per-formed  in  air  (and  hydrogen)  on 
the  same  microphone  by  the  National  Bureau  o-f  Standards. 
Beyond  this  frequency,  the  difference  (in  dB)  between  the 
NBS  comparison  calibration  and  the  resonant  reciprocity 
calibrations  increases  linearly  with  frequency  with  a  linear 
correlation  coefficient  of  r  »  0.991. 

Both  the  long  and  the  short  tube  resonant  reciprocity 
calibrations  have  an  average  absolute  difference  of  .029 
dB  (.018  dB  sigma)  from  735  to  5145  Hz,  the  common  frequency 
range  of  both  calibrations.  Although  the  average  absolute 
difference  in  the  resonant  reciprocity  calibrations  and  the 
diffraction  corrected  free  field  comparison  calibrations 
(from  1470  to  5390  Hz)  is  ~  0.12  dB  (sigma  .09  dB)  and  the 
average  absolute  difference  in  the  NBS  comparison 
calibration  and  the  diffraction  corrected  free  field 
comparison  calibration  is  0.32  dB  (sigma  .22  dB)  ,  the 
failure  to  use  experimentally  an  exact  replica  of  the 
standard  mounting  CRef.3:p.211  for  the  WE640AA  results  in  an 
unknown  uncertainty  for  the  diffraction  correction  and  hence 
calls  into  question  the  validity  of  the  absolute  agreement 
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(sigma  .09  dB)  with  tha  -frea  -fiald  rasults  obsarvad  from 
1470  to  5390  Hz. 

In  conclusion  it  can  bo  said  that  tha  rasults  o-f  this 
axparimant  show  that  tha  mathod  o-f  plana  wavo  rasonant 
raci procity  calibration  is  in  absoluta  agraomant  with  othor 
laboratory  standard  tachniquas  at  low  -fraquancy,  is  undar 
computor  control,  and  has  tha  potantial  o-f  bocoming  a  -fully 
automated  laboratory  standard  tachniquo  o-f  reciprocity 
calibration  -for  electrostatic  transducers. 


C-.-. 


B.  FURTHER  EXPERIMENTS  AND  THEORETICAL  INVESTIGATIONS 


In  th«  -future,  the  practical  convenience  o-f  combin ing 
under  couputtr  control  all  o-f  the  data  acquisition  necessary 
to  calculate  the  microphono's  acousticml  iepedance,  the 
driving  point  oloctr ical  impodance  ^  and  the  plana  nava 
resonant  reciprocity  calibration  is  the  logical  correction 
to  and  extension  o-f  this  experimental  method. 

A  more  detailed  experimental  and  theoretical  study  o-f 
the  impressed  pressure  correction  is  needed  with  regard  to 
more  compliant  electrodynamic  microphones  (and  other 
transducer  types)  ,  di-f-ferent  gas  atmospheres,  a  wider  range 
o-f  length  to  diameter  ratios,  and  a  wider  range  o-f  diaphragm 
diameter  to  tube  diameter  ratios  -for  the  resonant  cavities. 

Any  -further  experiment  may  also  extend  the  upper 
frequency  limit  of  plane  wave  resonant  reciprocity 
calibrations  by  examining  the  selective  employment  of 
"clean"  plane  wave  resonances  in  the  region  of  azimuthal 
modal  resonances  and/or  the  use  of  highly  symmetric 
mountings  of  the  microphones  on  precisely  machined 
cylindrical  cavities.  This  suggestion  is  a  result  of  two 
experimental  observations.  First,  several  higher  frequency 
"short"  tube  plane  wave  resonant  reciprocity  calibrations 
appear  to  be  asymptotically  approaching  the  correct  pressure 
calibration.  The  particular  modes  (twelve  through  sixteen) 


um»d  -For  th«s«  call  brat  ionm  ar«  •■•n  in  -figura  1.6.  Tha 
plana  wava  rasonant  raciprocity  calibrations  which  rasult 
■from  tha  usa  of  thasa  modas  ara  shown  in  figura  5.9  and  tand 
towards  agroomant  with  tha  NBS  prassura  couplar  comparison 
calibrations  avan  though  thay  axist  in  a  fraquancy  domain 
whara  azimuthal  rasonancas  ara  axpactad.  Sacondly,  axtanded 
plana  wava  rasonancas  war a  obsarvad  »xclusiv»  of  any 
obsarvabla  azimuthal  or  radial  modas  up  to  50  Khz  when 
highly  symmatric  elactret  microphonas  wara  usad  in  tha  aarly 
stagas  of  tha  axparimant.  In  light  of  tha  af oramantioned 
exparimantal  indications,  thasa  apparantly  "claan"  plana 
wava  rasonancas  may  possibly  ba  amployad  with  succass. 

Tha  application  of  plana  wava  rasonant  raciprocity  to  a 
systam  of  transducars  couplad  through  a  watar  fillad 
cylindrical  cavity  with  a  "prassura-ralaasa"  (styrofoam) 
boundary  is  anothar  avanua  of  axparimantal  and  theoretical 
investigation  which  may  be  both  interesting  and 
significant.  A  preliminary  investigation  has  already  begun 
L'Ref.  351  by  applying  the  method  to  a  "slow  wave  rasonant 
calibration"  whara  a  compliant  wall  and  fluid  fillad 
wavaguida  ara  usad  to  obtain  a  low  fraquancy  raciprocity 
calibration  in  water. 
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HARMONIC I TY  IN  PLANE  WAVE  RESONANT  RECIPROCITY  CALIBRATION 

When  the  condenser  microphones  are  mounted  in  the  ends 
of  the  brass  cylindrical  cavity,  the  acoustical  load  at  the 
ends  is  a-f-fected  by  the  mechanical  impedance  o-f  the 
microphones  and  the  assumption  that  the  microphones  are 
non-compl  i ant  must  be  more  care-fully  examined. 

I-f  the  microphones  were  perfectly  rigid,  the  boundary 
conditions  at  each  end  o-f  the  cavity  require  that  the 
gradient  o-f  the  acoustic  pressure  be  equal  to  zero.  I-f  this 
is  the  case,  then  the  resonant  -frequencies  observed  for 
modes  greater  than  the  first  will  simply  be  multiples  of 
this  fundamental  resonance  (KL  =  n*pi ) .  This  appears  to  De 
the  case  when  the  resonant  frequencies  are  plotted  opposite 
the  mode  number  of  the  resonance.  Since  the  information 
plotted  below  was  obtained  over  a  ten  hour  period,  tne 
resonant  frequencies  were  obtained  at  different  laboratory 
temperatures  over  a  range  of  roughly  1'^  degrees  centigrade 
to  22  degrees  centigrade.  Since  the  speed  of  sound  in  air 
at  normal  atmospheric  pressure  varies  as  the  square  root  of 
the  absolute  temperature,  and  since  the  frequency  of  a  plane 
progressive  sound  wave  varies  as  the  free  space  sound  speed, 
the  frequency  of  resonance  varies  also  as  the  square  root  of 


the  absolute  temperature  within  the  plane  wave  resonant 
cavity.  For  comparison  purposes,  the  temperature  dependence 
o-f  the  di-f-ferent  resonant  frequencies  was  removed  by 
referencing  all  the  resonances  to  20  degrees  centigrade 
using  equation  A. 1  shown  below. 
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Equation  A. 1 


If  this  plot  of  the  "corrected"  resonant  frequency  vs.  mode 
number  were  exactly  a  straight  line,  then  the  modal 
resonances  would  be  perfect  multiples  of  the  fundamental 
resonance  and  the  ends  of  the  tube  would  be  "rigid" (perfect 
harmonicity) .  This  appears  to  be  the  case  when  figure  A.; 


is  "eye  integrated". 


magnitude  o-f  the  deviation 


from  true  harmonicitv,  the  data 


Since  the  ratio  o-f  the  acoustic  impedance  of  the  medium 


<air)  to  that  of  the  semi-rigid  composite  ends  (microphone 
plus  rigid  mount)  is  much  less  than  one,  we  have  upon 
substitution  for  Cos(kl)  and  Sin(kl)  in  Equation  A. 3, 


Equation  A. 4 


This  justifies  the  assumption  that  the  microphones  are 
essentially  non-compl i ant  with  regard  to  their  effect  on  the 
pressure  distribution  within  the  resonant  cavity.  Since  the 
ratio  of  the  pressures  comes  in  under  the  square  root  in  the 
calculation  for  the  microphone  open  circuit  voltage 
receiving  sensitivity,  this  assumption  will  introduce,  at 
the  lowest  mode,  roughly  a  201 og (sqr CCost . 9927*pi > 1 )  or  .001 
db  re  IV/ubar  error.  Errors  introduced  due  to  this 
assumption  are  significantly  lower  at  the  higher  modal 
resonances  as  seen  in  figure  A. 2. 
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ONE  EXAMPLE  OF  THE  COMPUTER  PROGRAM  USED  FOR 

PLANE  WAVE  RESONANT  RECIPROCITY  CALIBRATIONS 

A.  INTRODUCTION 

The  computer  program  shown  on  the  -following  pages  was 
written  in  Hewlett  Packard  series  80  Basic.  It  was  used  on 
the  HP-8S  and  completed  data  acquisition  and  sensitivity 
calculations  -for  three  microphones  at  one  modal  resonance 
roughly  every  twenty  minutes.  The  most  time  consuming 
portion  of  the  program  was  that  part  which  calculated  the 
three  parameter  least  mean  square  error  fit  to  a  Rayleigh 
line  shape.  Actual  data  acquisition  was  completed  in 

roughly  three  minutes. 

A  careful  examination  of  the  particular  program  shown  in 
part  C  below  shows  that  it  is  but  one  of  six  almost 

identical  programs  used  to  accommodate  the  various 
combinations  of  preamplifiers  and  microphones  that  were 
experimentally  used.  The  decision  to  write  six  "different" 
programs  was  made  for  operational  simplicity.  Such 
variables  as  volumetric  protrusion  into  the  main  cavity 


depended  upon  which  two  microphones  were  in  place. 


The 


voltaga  trans-fer  -for  each  "end"  o-f  the  cylindrical  cavity 
depended  upon  the  amplifier  and  microphone  combination 
used.  Thus  slightly  different  programs  were  used  to 
accommodate (ref erencing  W.E.640AA  serial  numbers); 
1248-1082,  1248-815,  1082-815,  and  three  more  similar 
microphone  setups  with  the  "electronics”  reversed.  The 
particular  program  discussed  in  this  appendix  is  the  one 
with  microphone  #1248  with  the  "A"  side  electronics  and 
microphone  #1082  with  the  "B"  side  electronics. 

The  following  pages  are  separated  into  three  different 
parts  for  convenience.  First,  there  is  a  functional 
description  of  the  program  shown  in  table  B. 1.  Next,  there 
is  the  program  listing  and  last  there  is  a  list  of 
definitions  for  the  variables  used  in  the  program.  The 
functional  outline  for  the  program  is  shown  next. 


B.  FUNCTIONAL  DESCRIPTION  OF  THE  PROGRAM 


The  main  program  is  divided  into  eight  subsect;  or. 
outlined  belOM. 


1 .  Ini tl al  setup . 

2.  A  transmit,  B  receive  data.  (ATBR) 

3.  B  transmit,  A  receive  data.  (BTAR) 

4.  A  transmit,  C  receive  comparison  voltage. 

5.  B  transmit,  C  receive  comparison  voltage. 

6.  Numerical  analysis  o-f  all  data. 

7.  Calculation  o-f  si-^  dif  +  erent  values  o-f  open 
voltage  receiving  sensitivity. 

8.  Subroutines  (17) 


c  1  r  c  u  1 1 


These  eight  functional  descriptions  are  more  full/  descrioed 
in  table  B. 1  beloM. 


3egiriri  ing  line  number  -  Functional  description 

I'l  Pr.-3gram  i  n  i  1 1  a  I  ;  z  at  i  on  and  preiimin.^ry  equipment  setup. 

240  Magnetic  tape  i  r,  1 1 1  al  i  zati  on  . 

Z'fO  Operator  inputs  for  data  run. 

630  Dimension  arrays  and  input  measured  capaci tances ,  load 

resistances  and  numerical  corrections  for  the  side  mcu.’itea 
mi crophones. 

201(.)  Input  cavit'/  volumes  for  different  configurations  ano 
rearrange  data. 

217()  Begin  program  run.  Switch  system  to  ATBR. 

235f)  Search  for  initial  drive  .sl'aje  -t  zr  iirst  lot.a  ss.-npi  -.-. 

2520  Initial  data  sa-npie. 

254)  Analyze  data  for  rough 

25'’('!  Obtain  receiver  bias  voltage  anc  calc.jiate  the  rsqui.'ec 
correction  to  microphone  capacitance. 

2630  With  the  preliminary  val-ies  of  0,F,!.A,  optain  the  first 
modal  data  set  with  side  B  receiving.  Obtain  roL.gr. 
for  this  data  set. 

2870  Switch  system  to  BTAR. 

288(j  Obtain  bias  voltage  for  side  A  ii.  receive  c^n  d  .c  a  1  cLi  i  a  t  s 
the  requireo  correction  to  the  microphone  capacitance. 

2940  Sample  the  modal  resrjnance  for  side  A  recei  . g .  ' ‘t  t  s 

rough  0,F,.^/A  for  ..at  a  -•s'. 

3 1  ljO  Got-.d  Ravine  .t  i  *  ;r  -t'-'oR  cat.s.  St  tre  ra.i.-ed  .a. 

~2~'2i  Goto  Ravine  subroutine  for  BTAR  data.  Store  rav.neu  .-a.ues 

3450  Baaed  upon  the  requested  drive  .oltage,  .:aiCL.iat.r  toe 
transmit  cl. -"rent  L.se.:!  tor  tre  ''A"  m  i  ;:r  opricne  ir  i-.ruB.  • 


3670  Switch  and  obtain  the  ATCR  comparison  voltage. 

3720  Switch  and  obtain  the  BTCR  comparison  voltage. 

3760  Calculate  the  e-f-fective  value  -for  specific  heats  used  to 
correct  the  bulk  modulus  ot  elasticity  for  boundary 
condi ti ons. 

3820  Change  atmospheric  pressure  from  mmHg  to  MKS. 

3860  Calculations  for  six  way  round  robin  determination  of 
Ma <reci proci ty ) ,  Mb (reciproci ty) ,  Mab (compari son) , 

Mba  (compar i  son )  ,  Mca  (compari  son )  ,  $»  Mcb  (compar  i  son ) 

4020  Store  results  on  magnetic  tape  and  print  out  results  for 
operator . 

4390  Check  for  end  of  data  runs  desired. 

4400  Based  upon  the  quality  factor  for  the  (lvJ+l)th  mode, 

calculate  the  expected  bandwidth  of  Nth  resonance  to  be  useo 
in  the  next  computer  controlled  calibration. 

4530  Subroutine  used  to  ravine  the  modal  data  for  accurate  values 
of  Q,  F,  &A. 

5470  Subroutine  used  to  calculate  the  mean  square  error  witn 
regard  to  the  Rayleigh  line  shape. 

5580  Subroutine  used  for  initial  data  collection. 

5760  Subroutine  used  to  adjustment  the  initial  drive  voltage  and 
control  the  preliminary  data  sampling. 

6270  Subroutine  used  to  make  a  raw  data  computation  of  Q,  F,  8<A. 

7020  Subroutine  used  to  sample  temperature. 

7120  Subroutine  used  to  sample  atmospheric  pressure. 

7220  Subroutine  used  to  obtain  side  A  bias  voltage. 

7320  Subroutine  used  to  obtain  side  B  bias  voltage. 

7410  Subroutine  used  to  select  system  to  ATBR. 

7540  Subroutine  used  to  select  system  to  STAR. 

7690  Subroutine  used  to  select  system  to  ATCR. 

7810  Subroutine  used  to  select  system  to  BTCR. 

7930  Subroutine  used  to  sample  voltage  Vca. 

8080  Subroutine  used  to  sample  voltage  Vco. 

8220  Subroutine  used  to  relate  preamplifier  gain,  5204  scale, 
and  capacitive  voltage  division  to  the  signal  voi tage  Va. 

8310  Subroutine  used  to  relate  preamp!  itier  gam,  5204  scale, 
and  capacitive  voltage  division  to  tne  signal  voltage  .c. 

4440  End  after  all  desired  modes  are  sampled. 


C.  PR06RAM  LISTING 


( 


!0  CLEAR  !  1248-"A":  1082-‘'B" 

20  !  INPUT  TIME  IF  NOT  ALREADY 
30  OPTION  BASE  1 
^0  LA-0 

50  DIM  G2(261,G4(26).Bl<30).Tt(90),T3(90>.T4(30>,VI(2).T5<2) 
.P5<2) ,K1(2) .G9<2) .A7<2) .A1 <2.48) 

60  DIM  G5<2.26>,F5(2.26>,F7<4).ei<5).A2<2).GH2.50) 

70  DIM  F<26) , A<26) ,F1 <25) ,B<3.3) ,X(3> ,C(3) ,V(2> ,Q(2>  .0(90)  .K 
<3) .F2<2) .G<90) .T<3) ,V2<2.3) .A3<26> 

80  DISP  "SETTIME  H-3600+M-60 .MDD : . . .ONLY  IF  NECESSARY- 
90  !  REVISED  28  APRIL  84 
100  !  RECIPROCITY  PROG  G91A 

110  r  PRELIMINARY  SETUP 

111  !  1248-1082  SETUP 

120  OUTPUT  717  : "AM" . 1 . "MR" 

130  PRINT  "PROGRAM  G91A  OF  27  APRIL  84" 

140  PRINTER  IS  701 ,80 

150  IMAGE  2A.2X.7A,X.6A,X.7A.X.7A.X.7A,4X,4A.7X,4A,9X.2A,1X. 
6A 

ISO  PRINT  USING  150  :  "N","Freq  HZ" , "TdeqC" , "OA" . "QB" . "<MA>" 
."<Me>"."<MC>"."'K". "RECORD" 

170  IMAGE  20.X.0DDDD.DD.X.DD.DDD.X,0D0.0DD.X.DDD.DDD.X.D.DDD 
E , X . 0 . 3DDE . X . D . DDOE . X . 0 , ODD . X . DD 

130  DISP  "THIS  PROG  PERFORMS  A  RECIPROCITY  CAL  AT  DESIG  MODA 
L  FPECiS  AND  PUTS  DATA  ON  TAPE" 

130  BEEP 

2-0  C1-I  !  CAVITY  VOL- 1 248- 1 082 
220  DISP  "INPUT  DDMMYY" 

230  INPUT  T(3) 

240  1  INPUT  TAPE  STATUS 

250  DISP  "ENTER  1 -ERASE .REWIND  4F0RMRT;  2-TAPE  ALREADY  READY 


260  BEE? 

270  INPUT  U7 

230  IF  U7-1  THEN  290  ELSE  400 

290  DISP  "ARE  YOU  CERTAIN  YOU  WANT  TO  ERASE  THE  TAPE^P'i’l’l'" 

300  DISP  "1 -YES. 2-NO" 

310  INPUT  U7 

320  IF  U7-I  THEN  330  ELSE  400 

330  ERASETAPE  ■«  BEEP  p-..,- 

340  !  PREPARE  TAPE 

350  CREATE  "DATl  "  ,  1  00 .96 

360  CREATE  "DAT2"  .  1  00 . 96  '  . 

370  CREATE  "DATV"  ,  1  00 . 800 

380  CREATE  "OATF"  ,  1  00 .800  '  -V.' 

330  !  ENTER  RUN  PARAMETERS 
400  DISP  "SHORT  OR  LONG  TUBE7" 

410  DISP  "SHORT-1 ,L0NG-2"  - 

420  BEEP  ' 

430  INPUT  c  1  :■  -at; 

440  DISP  "ENTER  STARTING  RECORD.^" 

450  INPUT  L4  !  INIT  RECORD  NUMBER  • 

430  DISP  "EN'^ER  MODE  ^ 


330 


470  INPUT  L 

480  DISP  "ENTER  LOW  MODE  *” 

490  INPUT  LI 

500  DISP  "ENTER  THE  LOW  FREQ  <HZ)  FOR  HIGH  MODE" 
510  INPUT  FI 

520  DISP  "ENTER  THE  HI  FREQ  (HZ)  FOR  HIGH  MODE" 
530  INPUT  F2 

540  DISP.  "ENTER  5204  TIME  CONSTANr<SEC>“ 

550  INPUT  n. 

560  ri-Tf*1000 

570  DISP  "-ENTER  THE  5204  SENSITIVITY  IN  VOLTS" 
580  INPUT  B 

590  M9-1.5  »  MAX  *  OF  RAVINES 
600  DISP -ENTER  REL  HUMIDITY*/." 

610  BEEP  •  - 

620  INPUT  R1 
630  ! 

640  !  DIMENSION  ARRAYS 
650  *  DATA  ARRAYS 

660  !  . . 

670  MEASURED  CAPACITANCES 
675  Cl(1)-52.722  !  PF*1248 
690  C2-C1(1) 

700  Ct(2)-I77.2802  !  PF  STAR  SYS 
715  C1<3)-53.123  !  PF«1082 
72(1  CA-CI  <21 

730  C1<4)-I76.Q527  !  PF  ATBR  SYS 
740  Cl (5)-50.212  !  PF«815 

750  C5-C1<5) 

760  ! 

761  R8-5047050  !  A  SIDE  R  EFF  LOAD 

762  R9-4987470  !  B  SIDE  R  EFF  LOAD 
770  !  GEOMETRY  CORRECTION 

780  !  FOR  SHORT  TUBE 
790  D<t)-. 965115  ! 

800  D(2)*. 863218 
810  D(3)-. 702132 
820  D<4)-. 494203 
830  D<5)-. 255249 
840  D<6)-. 00325317 
350  D(7)-. 243115 
860  0(3)-. 466004 
370  D(9)-. 649799 
880  D(10)-. 782323 
890  Ddl)-. 855722 
900  0(12)-. 866966 
910  D< 13)-. 317927 
920  D(14)-. 715056 
930  D<1S)-. 568673 
940  D<16)-. 391959 
950  D(I7)-. 199753 
960  D(18)-. 007256489 
970  D(13)-. 171237 


980  0<20)“.3234S6 
990  D<2t 440099 
1000  0(22)». 515326 

RflO  I  CORA  FOR  SMALL  OFFSET 
*  GOTO  1070 
FOR  M--1  TO  22 

D<M)-ABS<COS<N-?I-1 .46/23.37)) 
NEXT  N 


1010 

1020 

1030 

1040 

1050 


1060  »  LONG  TUBE  GEO  CORR.. 
1070  Gil )-. 99602 
1030  G(2)-.3841l7 
1090  G< 3) *.964383 
I  100-  G<4)-. 936999 
111-0  G( 5)-. 3022062 
G( 6) -.86031 1 
G(7)^-. 81168049 
G(8)-, 75674208 
G<9)-. 6959764 
G(10)-. 6299141 
G(11)-. 5591307 
G(12)-. 4824135 
G<13)-. 4058943 
G<14)-. 3247655 
G(15)-. 2415518 
G( 16)-. 1569648 
G<17)-. 0717239 
G(I3)-. 01345009 
G(19)-. 09784211 
G(20)-. 18074880877 
G<21 )-. 2614853 
G<22)-. 3393913 
G<23)-. 413837 
G(24>-. 48422887 
G(25)-. 5500143 
G(26)-. 6106872 
G(27)-. 66579 
G<28)- . 7149249 
G<29>-. 7577435 
G(30)-. 7939622 
G(31 )*. 8233586 
G(32)-. 3457732 
G<33)- .861 1 109 
G(34)- .3693409 
G<35)-. 8704961 
G(36)-. 8646722 
G<37)-. 852026 
G(38)-. 3327731 
G(39)- .8071849 
G(40)-. 7755856 
G(41)-. 7383485 


1 120 
1130 
1140 
1150 
1 160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1230 
1230 
1300 
1310 
1  .>20 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 


1480  G<42)-. 6958912 
1490  G(43)* .6486715 
•500  G<44)-. 5971825 


1S10  6(45)-. 5419471 

1520  G(46)*. 4835125 

1530  G(47>-. 4224453 

1540  6< 48) -.3593248 

1550  6(49)-. 2947382 

1560  G(50>-. 2292741 

1980  62-1 

1990  87(1 >-.20134 

2000  A7<2)-. 147528 

2010  V2<1 ,1)-. 0001152232  !  METERS‘3 

2020  V2<1 ,2)-. 0001151946  !  V2<C,C1> 

2025  V2<1 ,3)-. 0001152269  !  01-1:1248-1082 
2030  V2<2,1)-. 0006498109  *  01-2:1248-815 
2040  V2<2, 2)-. 0006497823  •  01-3:1082-815 
2045  V2<2.3)-. 0006497779  !  P-III-GO 
2050  F9-1 
2060  19-1 

2070  FOR  M-t  TO  50 
2080  G1<2.M)-G<M) 

2090  NEXT  M 
2100  FOR  f1-1  TO  22 
2110  GKt  .M)-0<M) 

2120  NEXT  M 
2130  FOR  11-23  TO  50 
2140  G1<1 ,M)-0 
2150  NEXT  M 
2160  ! 

2170  !  BEGIN  PROGRAM 

2180  PRINTER  IS  2 

2190  PRINT  "TIME  DATE" 

2200  IMAGE  2X .2D. 2D. 4X. 40 
2210  FOR  R-L  TO  LI  STEP  -I 
2220  PRINTER  IS  2 

2230  PRINT  USING  2200  ;  TIME/3G00 .DATE 

2240  L-R 

2250  PRINT  ”  " 

2260  IF  C-1  THEN  U7-3-L  ELSE  U7-L 
2270  DISP  "MODE  NUMBER  IS".L 
2280  DISP  "LOW  FREQ  <HZ)  IS", FI 
2290  DISP  "HI  FREQ  (HZ)  IS".F2 
2300  DISP  "5204  SCALE  S£NS(V)IS".B 
2310  CLEAR  9  BEEP 
2320  DISP  "SELECT  ATBR  SWITCHING" 

•2330  GOSUB  7400  !  SELECT  ATBR 
2340  BEEP 

2350  DISP  "GET  INITIAL  DRIVE  VOLTAGE" 

2360  1  voltage 
2370  Jt-0 
2380  A1-5 

2390  ?  INITIAL  SEARCH  FOR  DRIVE  VOLTAGE 

2400  OUTPUT  717  ;”FR".<F2+F1 )/2,"HZ" 

2410  OUTPUT  717  :"AM",A1 ,"MR" 

2020  WAIT  T1-3 


2430  OUTPUT  709  :"VT3" 

2440  ENTER  709  ;  Q9 

2450  IF  Q9>.2S  THEN  2470  ELSE  A1-A1+25 
2460  GOTO  2410 

2470  IF  Q9<.35  THEN  2490  ELSE  A1-A1-20 
2480  GOTO  2410 
2490  BEEP 

2500  DISP  "PRELIM-  DATA  SAMPLE" 

2510  DISP  "USED  TQ-  EST  BANDWIDTH" 

2520  GOSUfi  5570  t  INITIAL  DATA  COLLECTION 

2530  BEEP 

2540  DISP  "ANALYIZE  SAMPLE" 

2550  60SUB  6260  !  DATA  ANALYSIS 
2560  BEEP 

2570  DISP  "GET-  'B'  BIAS" 

2580  GQSUB  7310  !  GET  r2."B  BIAS" 

2590  DISP  "'B'  BIAS-",E2 
2600  ! 

2610  C1<3>-C3+.00016584+.000024894»E2*2  ?  CORR  FOR  BIAS  ON  1 
082 

2620  BEEP 

2630  DISP  "GET  ATBR  DATA"' 

2640  GOSUB  5750  !  GET  DATA  ATBR 
2650  GOSUB  4450  !  VHF  TQ  NEUTRAL 
2660  PRINT  "ATBR  0RIVE<MV)-“ ,A1 
2670  DISP  "ATBR  AVG  TEMP-".T5< tX 
2680  DISP  "AVG  ATMOS  PRESS  MMHG«".P5<1> 

2690  DISP  "SAVE  4  SCALE  DATA" 

2700  A9-A1 

2710  A2-A1  !  SAVE  ATBR  DRIVE 
2720  FOR  N-1  TO  26 
2730  GOSUB  3300  !  GET  B2 
2740  G5<1 .N)-A<N)»B»B2 
2750  A<N)-G5<1 ,N) 

2760  NEXT  N 
2770  BEEP 

2730  DISP  "ANALYIZE  ATBR  DATA" 

2790  GOSUB  6260  !  DATA  ANALYSIS 

2800  r  SAVE  ROUGH  VALUES 

2310  !  OBTAINED  WITH  DATA 

2320  r  ANALYSIS  ROUTINE- It  POINT  FIT 

2830  V<1 )-P1 

2340  Q<n-ai 

2850  F2(1)-F9 

2360  BEEP 

2870  DISP  "SWITCH  TO  STAR" 

2880  DISP  "GET  'A'  BIAS" 

2890  GOSUB  7530  !  SWITCH  BTAR 
2900  GOSUB  7210  !  GET  El. "A  BIAS" 

2910  DISP  "-R-  BIAS*"  El 

2920  C1<1>-C2+. 0012485*. 000036329»£1'2  !  CORR  FOR  BIAS  ON  12 
46 


2S30  DISP  "GET  STAR  OPTA" 

2940  GOSUB  5750  *  DATA  COLLECTION 
2950  PRINT  "BTAR  DRIVE<MV)-" .A1 
29S0  DISP  "BTAR  AVG  TEMP-".T5(2) 

2970  DISP  "AVG  ATMOS  PRESS  MMH6-".P5(2> 

2980  t  SAVE  AND  SCALE  DATA 

2990  POR  N-1  TO  26 

3000  GQSue  8210  !  GET  B1 

3010  6S<2.N}-A(N>»B>BI 

3020  A<N)-G5<2,N) 

3030  NeXT  N 

3040  GOSUB  6260  !  DATA  ANALYSIS 

3090  r  SAVE  ROUGH  VALUES 

3060  V<2)-P1 

3070  QI2)-Q1 

3080  F2<2)-F9 

3090  !  RECALL  ATBR  DATA 

3100  Q1-Q(I> 

3110  F9-F2<1) 

3120  Pt-V<t> 

3130  FOR  N-1  TO  26 
3M0  A<N)-G5<1  .N) 

3150  NEXT  N 

3160  DISP  "  RAVINE  ATBR  DATA" 

3170  Q5-Q1 

3180  GOSUB  4510  !  RAVINE  DATA 

3190  !  SAVE  RAVINED  ATBR 

3200  !  VALUES 

3210  Q(1)-Q1 

3220  F2<I)-F9 

3230  V<1 )-Pl 

3240  GOSUB  5460  !  GET  MSE 

3250  f  NORMALIZE  MSE 

3260  K1<I)-K<1 )/Pl *2  !  END  ATBR 

3270  !  RECALL  BTAR  DATA 
3280  Q1-Q<2) 

3290  F9-F2(2) 

3300  P1*V<2) 

3310  FOR  N-1  TO  26 
3320  A<N)-G5<2.N) 

3330  NEXT  N 

3340  DISP  "  RAVINE  STAR  DATA” 

3350  05-01 

3360  GOSUB  4510  !  RAVINE  DATA 

3370  1  SAVE  RAVINED  BTAR 

3330  !  VALUES 

3390  0(2)-0l 

3400  F2<2>-F9 

3410  V(2)-P1 

3420  GOSUB  5460  1  GET  MSE 

3430  1  NORMALIZE  MSE 

3440  <I  (2)-<(  1  >/PT'2  !  END  STflR 


3450  !  . 

3460  !  GET  CORRECT  DRIVE 

3470  ?  CURRENT  FOR  "ft"  MIC _ 

3480  f  HERE  FOLLOW  ft  SERIES  OF 
3490  !  STRAIGHT  LINE  FITS  TO 
3500  ?  ACTUAL  DATA. ASK  VS  GET. 

3510  IF  F2<2)<520  THEN  3515  ELSE  3520  *  P-III-80 
3515  B6-.92775+.00004979592-F2<2) 

3517  GOTO  3550 

3520  IF  F2<2)<1020  THEN  3525  ELSE  3530 
3525  B6*.9S16^.000004163265-F2<2) 

3527  GOTO  3550 

3530  IF  F2<2)<1510  THEN  3535  ELSE  3540 
3535  BG- .95412* .000001 71 4286«F2<2) 

3537  GOTO  3550 

3540  IF  F2<2)<2500  THEN  3545  ELSE  3549 
3545  BS-. 95577*6. 122449E-7»F2<2) 

3547  GOTO  3550 

3549  B6- .9568022* . 000000222449»F2(2) 

3550  A2-A2-B6 

3640  1 1 -2»RI»F2< 1 ) •A2» . 00 1 C2* . 00 1 24885* . 0000363329*E 1*2) • , 
000000000001 

3650  DISP  "A  TRANS  CURRENT! A)--,!! 

3660  SEEP 

3670  DISP  "GET  ATCR  CDHPARISON** 

3680  GOSUB  7680  1  SWITCH  ATCR 
3690  GOSUB  7920 

3700  DISP  "ATCR  VOLTAGE-" , VI < 1 > 

3710  BEEP 

3720  DISP  "GET  BTCR  COMPARISON"  ' 

3730  GOSUB  7800  1  SWITCH  BTCR 
3740  GOSUB  8070 

3750  DISP  "BTCR  VOLTAGE-", VI (2) 

3760  1  CALC  RATIO  OF  SPECIFIC  HEATS  J- 1 -BTAR .2-ATBR 

3770  FOR  N-I  TO  2 

3780  0-Rl /I 00-.625-I0* <23,84-2948/(273. 16*T5(N)) -5. 03»LGT(27 
3.16*T5<N))) 

3790  G0-<0-1 .324*<10a0-0)»t .402432>/1000 

3800  G9<N)-G0-2-<G0-1 )-A7 (C)/S0R<F2<N) >*2-<G0- 1 >-A7(C) *2/F2( 
N) 

3810  NEXT  N 

3320  ’  CHG  PRESS  TO  MKS 
3830  FOR  N-1  TO  2 
3340  P5<N)-P5<N)-10t330/760 
3850  NEXT  N 

3860  1  OPEN  CIRCUIT  SENSITIVITY  CALCULATIONS 

3870  !  M1-MA  (ADJUSTMENT  MADE  SO  REF  BIAS  IS  200  VOLT 

S) 

3880  »  M2-MB  C-1 -SHORT  TUBE 
3390  1  M3-MCA  C-2-L0NG  TUBE 
3900  1  M4-HC8 

3910  1  M5-MAB  Cl  - 1  -  1 248T/ 1 082R 


3930  lil-SQR(V(2)«yi < 1 )-PI«V2<C,Cl )»F2< 1 )/(I1«yi (2>»G9( 1 )*P5< 

1 >>Q(1  >>) 

39i^0  «2-SQR<V<I  >»y(>)*V1<2)<*PI«V2<C,C1)»F2(2)/<Il»V(2)«WHt) 

»63<2)»P5<2)*Q<2))) 

also  IP  C-2  THEN  G1-I  !  LONG  TUBE  HAS  THE  REF  MIC  IN  THE  END 

3960  M3-M1-V1 <2)/<V<2)»Gl ) 

3970  M4«M2»V1<n/<V(t)»Gt) 

4000  M5-M2*V<2)»V1 <1 )/<U<1)»V1 <2)) 

40 to  M6»M1»V<t)«V1(2)/(V<2)«Vr(1)) 

4020  *  STORE  RESULTS  ON  TAPE 

4030  SEEP 

4040  BEEP 

40S0  PRINTER  IS  2 

4060  PRINT  "MODE  »•" .L 

4070  PRINT  "FRE0-",F2<n 

4080  PRINT  "MA-”.M1 

4090  PRINT  "MAB-".M5 

4100  PRINT  "MB-", M2 

4110  PRINT  "MBA-". MG 

4120  PRINT  "MCA-".M4 

4130  PRINT  "MCB-".M3 

4131  PRINT  "E1-".£1 

4132  PRINT  "E2-".E2 

4140  PRINT  "K1  (1  )-",K:1  <1 ) 

4150  PRINT  "K1 (2)-",K1 (2) 

4160  PRINTER  IS  701 .80 

4190  ASSIGN#  1  TO  "OATI"  ^  .  t..  , 

4200  PRINT#  I.L4  ;  L.MI .N2.M3.M4.M5.M6,P5( ! > ,P5(2> , T5( ) > . T5t 
2),C 

4210  ASSIGN#  1  TO  "0AT2"  . . 

4220  PRINT#  I.L4  ;  A2 , VI < I ) ,V1 <2) .G9< ( > ,G9(2) , V< 1 > , V(2) ,0( 1 > 

,Q<2).F2<1),F2<2),C1 

4230  ASSIGN#  1  TO  "DATV" 

4240  PRINT#  1 ,L4  :  G5< .) 

4250  ASSIGN#  I  TO  "DATF" 

4260  PRINT#  1 .L4  :  F5< .) 

4270  U1-<M1-*-M5)/2 
4280  U2-<M2+H6)/2 
4290  U3-(M4*-M3)/2 
4300  U4-<M1-M5)-100/(M1+M5) 

4310  PRINT  USING  170  :  L.F2<2) .T5<2) .Q< I > .0(2) .Ut ,U2.U3.U4,L 


4330  ;  ITERATE  RECORD#  AND 

4340  f  CHECK  FOR  END  OF  RUN 

4350  L4-L4+1 

4360  GOTO  4390 

4370  1  CHECK  FOR  LAST  MODE 

4380  1  OTHERWISE  END 

4390  IF  L-I  THEN  4440  ELSE  4400 


4400  I9-<L-1  )-F’9/L 

4410  Ft-I9-2»r9/<Qt»SQR(I9/F9)) 

4420  F2-I9+2*I9/<Q1»SQR<I9/F9)> 

4430  NEXT  R 
4440  END 
4450  ! 

4460  !  PUT  VHF  SW  IN  NEUTRAL 
4470  ! 

4480  OUTPUT  716  USING  •'2A“  ;  "Aa" 

4490  OUTPUT  716  USING  :  "B3“ 

4500  RETURN 

4510  !  . 

4520  ! 

4530  !  RAUINE  SUBROUTINE 
4540  * 

4550  f  RAVINE  Q 
4560  ! 

4570  FOR  M-l  TO  119 

4580  Q4-Q1/200 

4590  Q3-Q1+Q4 

4600  Q2-Q1 

4610  Q1-Q1-Q4 

4620  K<1)-0 

4630  FOR  N-I  TO  26 

4640  K1-<F<N)/F9-F9/F<N))‘2»Q1*Q1+1 

4650  K2-SQR<X1) 

4660  K<1 )-K<1 )+(A<N)-P1/K2>'2 

4670  NEXT  N 

4680  K(2)-0 

4690  FOR  N-1  TO  26 

4700  K1-<F<N)/F9-F9/F<N))*2»Q2»Q2+1 

4710  K2*S0R<K1) 

4720  K<2)-K<2)  +  <A<N)-P1/K2>''2 

4730  NEXT  N 

4740  K<3)-0 

4750  FOR  N-1  TO  26 

4760  K1-<F<N)/F9-F9/F<N))'2»03»Q3+1 

4770  K2-SQR<Kn 

4780  K(3)-<(3)+<A(N)-P1/K2)'2 

4790  NEXT  N 

4300  K-Q4«<K(3)-K(t ) )/<2-<2-K(2)-K( I )-K<3> ) > 
4310  Q1-Q2+K 
4820  ! 

4830  !  RAVINE  PEAK  AMPLITUDE 
4340  ! 

4350  P4-P1/500 

4860  P3-P1+P4 

4870  P2-P1 

4380  P1-P1-P4 

4890  K< 1 )-0 

4900  FOR  N-1  TO  26 

4910  K!-<F(N)/F9-F9/F(N) >  'a-QI-QI+l 

4920  K2-S0R<K1 ) 


4330  K(n-K<1  )'t-<A<N)-Pt/K2>*2 

4940  NEXT  N 

4950  K(2)-0 

49e0  rOR  N-1  TO  2G 

4970  K1-<F<N)/F9-F9/F(N))*2»Qt»at*t 

4980  K2*SQR<K1) 

4990  K(2).-K<2)  +  <fl<N)-P2/K2)‘2 

5000  NEXT  N 

5010  K(3>-0 

5020  FOR  N-1  TO  26 

5030  K1-<F(N)/F9-F9/F<N))*2»Q1-QI>1 

5040  K2-S0R<K1) 

5050  «3)-K<3)+<P<N)-P3/K2)“2 
SOSO  NEXT  N 

5070  K-P4»<K(3)-K( 1))/<2-<2-K<2>-(<(I)-K<3)>> 

5080  P1-P2+K: 

5090  1 

5100  !  RAVINE  FREQ 
5110  ! 

5120  F8-F9/<Q1-2000) 

5130  F7-F9+F8 

5140  F6-F9 

5150  F5-F9-F8 

5160  (<<1>-0 

5170  FOR  N-1  TO  26 

5180  K1-(F<N)/F5-F5/'F<N))*2«Q1»Q1  +  I 

5190  K2-S0R<K1) 

5200  K(1)-K(1)  +  <A(N)-?1/K2) '2 

5210  NEXT  N 

5220  K<2)-0 

5230  FOR  N-1  TO  26 

5240  K1 •<F(N)/F6-F6/F<N)) ■2-Q1-QI+1 

5250  K2-S0R<K1) 

5260  K(2)-K<2)+(A<N>-PI/K2) '2 

5270  NEXT  N 

5280  K<3)-0 

5290  FOR  N-I  TO  26 

5300  K1-<F<N)/F7-F7/F<N)) -2-Q1-01*! 

5310  K2-S0R<k:1) 

5320  <<3)-K<3)+<A(N)-Pl/K2)  2 
5330  NEXT  N 

5340  K-F8-<li:<3)-t<<  1 )  )/<2-<2*K<2)-K(  1  >-K(3)  >  > 

5350  F9-F6+K 

5360  IF  ABS(<Q1-Q5)/Q1)>.001  THEN  5370  ELSE  5410 

5370  Q5-Q1 

5380  DISP  '•Q-".Q1 

5390  NEXT  M 

5400  GOTO  5450 

5410  1 

5420  DISP  "SMOOTH  Q-".Q1 
5430  DISP  "SMOOTH  F-".F9 
5440  DISP  "SMOOTH  rt-'',?1 
5450  return 


•  *"•  *  » fm 


5970  ( 
5980  I 
5990 
6000  I 
6010 
6020  I 
6030  I 
6040 
6050 
6060 
6070 
6080 
6090 
6100 
6110 
6120 
6130 
6140 
6150 
6160 
6170 
6180 
RUN  . 
6190 
6200 
6210 
6220 
6230 
6240 
6250 
6260 
6270 
6280 
6290 
6300 
6310 
6320 
6330 
6340 
6350 
6360 
6370 
6380 
6390 
6400 
6410 
6420 
6430 
6440 
6450 
6460 
6470 
6480 


G0SU8  7110  !  GET  PRESS-P 

P5(J)-P 

T8-TIME/3600 

GOSUB  7010  !  GET  TEMP-T 

T5<J)-T 

FOR  N-1  TO  26 

R(N)-0 


:"VT3’’ 

B1<Q6> 


F<N)-F 

F5<J.N)-F 

OUTPUT  717  :"FR",F<N) ,“HZ” 

WAIT  8-T1 

FOR  Q6-1  TO  16 

OUTPUT  709  :"VT3’’ 

ENTER  709  :  B1<Q6) 
A(N>-A(N)>B1<Q6) 

NEXT  Q6 
A(N)«A<N)/16 
F-F+01 
NEXT  N 

OUTPUT  717  •.••AM'M/W. 

GOSUB  7010  1  GET  TEMP-T 
T5<J)-<T5(J)*T)/2  1  AVERAGE 

T9-TIME/3G00 

T<J)-<T8*T9)/2 

GOSUB  7110  !  GET  PRESS-P 

P5<J)-<P+PS<J))/2  t  AVERAGE- 

P5<J)-100-PS(J)  t  AOJ-HMHG 

P5<J)-P5<J)+4.2646  1  CAL 

RETURN 

1  . 

!  RAN  DATA  ANALYSIS 

1  subroutine 
) 

A5-AMAX<A) 

FOR  X-1  TO  26 

IF  A<X>-A5  THEN  6340  ELSE  6330 

NEXT  X 

A6-X 

X1-0 

X2-0 

X3-0 

X4-0 

Yl-0 

Y2-0 

Y3-0 

FOR  N-I  TO  7 

Fl<N)-F<A6-4*N)-F<A6-3) 

A3<N)-A<A6-4-^N)-A<A6-3) 

NEXT  N 

FOR  I-t  TO  7 
X4-X4+F1 <1)4 
X3-X3-Ft<r)  3 


TEMP  DURING  DATA 
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5490  X2-X2+F1<I)*2 
6500  X1-X!>FI(I) 

6510  Y1-YUA3<I) 

6520  Y2-Y2^«<r>-n<I) 

6530  Y3-Y3*fl3<I)-F1 <I)*2 
6540  NEXT  I 
6550  B<1 ,1)-X4 
6560  B(1,2>-X3 
6570  B<1.3>-X2 
6580  B(2.1>-X3 
6590  B(2.2)*X2 
6600  B(2.3)-Xt 
6610  B(3,1)-X2 
6620  B(3,2)*X1 
6630  B(3.3>-7 
6640  C(1>*Y3 
6650  C(2)-Y2 
6660  C(3)-Y1 
6670  MAT  X-SYS(B.C) 

6680  F9— <X<2)/X<n-.5)+F<A6-3) 

6690  PI -X<3)>A<A6-3)-X<2)*2/<4*X< 1 ) > 
6700  H7-P1/SaR<2) 

6710  FOR  1-1  TO  A6 
6720  IF  A(r)<H7  THEN  6730  ELSE  6790 
6730  IF  H7<A<I+1)  THEN  6740  ELSE  6790 
6740  F3-F<I) 

6750  H3-A(I) 

6760  F4-F<I+I) 

6770  H4-A<I*1 ) 

6780  GOTO  6800 
6790  NEXT  I 
6800  FOR  N-A6  TO  26 
6810  IF  A(N)>H7  THEN  6820  ELSE  6880 
6820  IF  H7>A<Nt’1)  THEN  6830  ELSE  6880 
6830  F5-F<N) 

6340  H5-A<N) 

6850  F6-F<N+1) 

6860  HG-A<N+1) 

6870  GOTO  6890 
6380  NEXT  N 

5390  F7-F3*<H7-H3)-<F4-F3)/<H4-H3) 
6900  F8-F5+<H5'H7)-<F6-F5)/<H5-H6) 
5910  ai-F9/<F8'F7) 

6920  IF  J1-0  THEN  6930  ELSE  6950 
6930  F1-F9-F9/Q1 
6940  F2-F9+F9/Q1 


6350  JI-J1+) 

6960  CLEAR  8  BEEP 

6970  DISP  "ROUGH  Q-",01 

6980  DISP  "ROUGH  F-".F9 

6990  DISP  "ROUGH  A-",P1 

7000  RETURN  !  END  OF  RAH  ANALYSIS 

7010  !  . H7 


7020  !  SUBROUTINE  TO  GET  TEMP 
7030  !  DEGREES  CENTIGRADE  IN 
7040  !  VARIABLE  -  T 

7050  !  . 

70S0  OUTPUT  709  i”D04.1" 

7070  OUTPUT  722  i'*F4R1MeT1~ 

7080  UAIT  5000 
7090  ENTER  722  :  T 
7100  RETURN 

7110  t  . 

7120  1  SUBROUTINE  TO  GET  ATMOS 
7130  !  PRESSURE  IN  MMHG  -  P 
7140  ! 

7150  OUTPUT  709  :"0C4.r* 

7160  OUTPUT  709  ;"D04.2" 

7170  OUTPUT  722  :"F1R1MOTr* 

7180  WAIT  1000 
7190  ENTER  722  :  P 
7200  RETURN 

7210  1  . 

7220  I  SUBROUTINE  TO  GET  SIDE 
7230  ?  ■•A“  BIAS  VOLTAGE  -  El 

7240  ! 

7250  OUTPUT  709  ! "004. 1,2“  ' 

7260  OUTPUT  709  :"DQ4.3" 

7270  OUTPUT  722  ;"FtRIM0rt" 

7280  WAIT  60000 
7290  ENTER  722  ;  El 
7300  RETURN 

7310  !  . 

7320  !  SUBROUTINE  TO  GET  SIDE 
7330  !  "B”  BIAS  VOLTAGE  •  E2 

7340  ! 

7350  OUTPUT  709  ;"0C4.t.2.3" 

7360  OUTPUT  722  ;"F1R1MOT1" 

7370  WAIT  60000 
7380  ENTER  722  :  E2 
7390  RETURN 

7400  !  . 

7410  !  SELECT 

7420  1  ATBR 

7430  OUTPUT  709  :"AR" 

7440  OUTPUT  709  ;"D04.7. 12. 13" 
7450  OUTPUT  709  :"DC4 , 4 . 1 0 . 1 1" 
7460  DISP  "A-TRANS.  8-RCV” 

7470  OUTPUT  716  USING  "2A"  :  "A4' 
7480  OUTPUT  716  USING  "28"  ;  "BA' 
7490  WAIT  10000  !  ALLOWS 

7500  J-1 

7510  OUTPUT  709  ;”AC1" 

7520  RETURN 

7530  1  . 


7540  !  BTAR 
7550  !  SWITCHING 
7560  ! 

7570  OUTPUT  709 

7580  OUTPUT  709  :"D04.4.10.1 1“ 
7590  !  SU  SOURCE  TO  B.  PWR  ON  B 
7600  OUTPUT  709  :**DC4,7.12.13‘* 
7610  DISP  "B-TRANS.fl-RCVR" 

7620  OUTPUT  716  USING  ••2A**  ;  "A1 
7630  OUTPUT  716  USING  "EA"  ;  "Bl 
7640  WAIT  10000 
7650  J-2 

7660  OUTPUT  709  :"AC10” 

7670  RETURN 

7680  ?  . 

7690  !  ATCR  SWITCHING 


IN-OUT  RELAY 


7710  OUTPUT  709 
7720  OUTPUT  709 
7730  OUTPUT  709 


'AR“ 

'•D04,0,7,12.13‘' 

•OC4,4.lO,1f* 


7740  OUTPUT  716  USING  "2A'* 

7750  OUTPUT  716  USING  ••2A" 

7760  1  ATCR 

7770  OUTPUT  709  !"AC1" 

7780  WAIT  10000 
7790  RETURN 

7300  t  . 

7810  !  BTCR  SWITCHING 
7820  ? 

7830  OUTPUT  709  :"AR" 

7840  OUTPUT  709  : "D04 .4 . 10 . 1 1 " 


7850  OUTPUT  709  !"0C4.7. 12.13" 
7860  OUTPUT  716  USING  "2A”  ;  "A2’' 
7870  OUTPUT  716  USING  “28"  :  "B2" 
7880  !  BTCR 

7390  OUTPUT  709  :"AC10’' 

7900  WAIT  10000 
7910  RETURN 

7920  !  . 

7930  !  subroutine  TO  GET 
7940  1  ATCR-U1<1) 


7950  OUTPUT  717 
7960  OUTPUT  717  :"i 
7970  S5-0 

7980  FOR  N-1  TO  36 
7990  WAIT  8«ri 
3000  OUTPUT  709 
8010  ENTER  709  :  S 
8020  S5-S5+S4 
8030  NEXT  N 
8040  S5-S5-B/G2 
8050  U1 <1 )-S5/36 
8060  RETURN 


FR".F2<1).'’HZ’' 

AM-.AS.-MR” 
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<  subroutine  8TCR-U1<2) 

OUTPUT  717  ;'TR".F2<2) ."MZ" 
OUTPUT  717  :“AH".A1 ."MR" 
S7»0 

FOR  N-1  TO  38 
WAIT  8«T1 
OUTPUT  709  :"VT3“ 

ENTER  709  ;  S6 

S7-S7*S6 

NEXT  N 

S7-S7-B/G2 

Vt(2)«87/36 

RETURN 

f  . 

1  SUBROUTINE  TO  RELATE  " 
t  NIC  "A" 1248  RECEIVED 


VOLTAGE  TO  5204  I 


ae  ®240  else  8250 

B6«1 0.05431 
GOTO  8270 

IF  F5<2.N)<1200  THEN  8255  ELSE  8285 
88- 1 0 . 088381 7- . 0000 1 03081 2»F5( 2 , N  > 

GOTO  8270 

IF  F5<2.N)<5500  THEJ<  8288  ELSE  8288 
86- T 0^062585- . 00000262425-F5 ( 2 , N ) 

88- 10.071 988- . Q00004S7469-FS<  2 . N) 

B3-<C1(2)/C1<1)*1)*2  !  C1<2)-BTAR  PFsCI <1 )-1248+BIAS  PF 
81-85/86 

?  B1-At<1 ,U7)/B6  !  XTRA 
RETURN 


!  SUBROUTINE  TO  RELATE"" 

t  ''8" ’082  RECEIVED  VOLTAGE  TO  5204  INPUT 

IF  F5<1.N)<300  THEN  8330  ELSE  8340 

06-9.62515 

GOTO  8370 

IF  F5<I.N><n00  THEN  8345  ELSE  8355 
06-9 .642248- .0000 194081 8-F5< 1 ,N> 

GOTO  8370 

Jc  ®380  ELSE  3366 

08-9. 627574-. 00000328451 4-F5(1 ,N) 

GQTQ  9370 

06-9. 638486-. OOOQ05069388*f5<  J 

03-<C1(4)/C1<3).1)*2  !  C1<4)-ATBR  PF;C1(3>-1082*  BIAS  P 

D5"sOR<03+04^^*'  ^ 

82-05/06 

?  B2-A1<2.U7)/06  »  XTRA 
RETURN 
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fed 
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fed 

fed 
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VARIABLE  DEFINITIONS  USED  IN  THE  PROGRAM 


The  microphone  signal  voltage  corrected  for  the  input 
transfer  function  to  the  lock-in  analyzer  and  the 
analyzer's  sensitivity.  The  argument  is  the  number  of 
one  of  the  26  data  samples  seen  at  each  mode. 

Initialized  variable  always  equal  to  zero. 

Temporary  storage  for  drive  voltage  in  millivolts. 

The  drive  amplitude  desired  in  millivolts, 
not  used, 
not  used. 

An  array  used  in  the  program  correction  to  the  ratio  of 
specific  heats.  The  argument  is  "C". 

Temporary  variable  used  in  the  raw  data  analysis  routine 
to  indicate  the  data  location  of  the  peak  signal  ootainea. 
Storage  of  statistics  in  raw  data  analysis  routine. 
Temporary  storage  for  drive  voltage  in  millivolts, 
not  used. 

The  PAR  5204  sensitivity  in  volts, 
not  used. 

An  array  used  to  store  variaoles  used  in  a  lease  square 
error  fit  to  a  second  orcer  polynomial. 

A  temporary  accumulator  for  the  signal  averaging  i 

associated  with  each  data  point  m  the  2tj  point  sample,  t 
A  temporary  output  used  in  relating  the  "A  side"  signal 
voltage  to  the  PAR  5204  input  voltage. 

Used  in  the  subroutine  calculating  arive  current.  36 
multiplied  by  the  "asked  for"  voltage  yields  the  "get" 
oriving  voltage  for  ■'STAR". 

Used  as  a  temporary  variable  in  cne  -rign.ci.  irsniT:  t: 

M. notion  relating  t(.e  micropnone  -.qrai  cc  s  '  ■ 

SJl-i  input. 

H  temporary  output  used  in  relav  in>g  me  '6  s.  :e'  s .  c  ' - 
vc.tage  to  the  PAR  51;<.'4  irput  vui'age. 

A  program  indicator  of  short  tube  <0=1;  or  loing  tube 
(C=2) . 

A  dummy  variable  for  microphone  #1243  capacitance. 

Storage  of  statistics  in  raw  data  analysis  routine. 

A  dummy  variable  for  microphone  #&15  capacitance. 

An  indicator  of  cavity  volume  1=  248-i';)B" 

correction  with  regard  to  which  2=  1248-815 

microphones  are  mounted  in  the  ends.  5= 

An  array  containing  cie-' s.-.r  ed  m ;  c  r -ipf.cne  c  ar  a  :  i  t -i"  _  es  a  : 
system  capacitances.  ;j---ed  later  re  stort  vre  .nii’-c;  r.jr/- 
■  -apac  1  t  an.- es  correcteri  ror  r.ias  .cltage. 


A  rii.minv'  v-iriable  tor  mi  r  n  r.p.hnne  #l  '82  canac'  tanca. 


An  array  containing  tne  geometrical  correction  t-or  rhe 
KnoMles  subminiature  microphone  mounted  in  the  wall  o+ 
the  short  tube.  The  array  argument  is  the  mode  numoer. 
Temporary  variable  used  in  calculating  the  ‘ATBR"  signal 
transfer  to  the  input  of  the  PAR  5204. 

Temporary  variable  used  in  calculating  the  "ATBR"  signal 
transfer  to  the  input  of  the  PAR  5204. 

The  frequency  increment  in  the  initial  data  sample. 

"D6"  multiplied  by  the  “asked  for"  voltage  yields  the  "ge 
driving  voltage  for  "ATBR". 

Used  as  a  temporary  variable  in  the  signal  transfer 
function  relating  the  "ATBR"  microphone  signal  to  the  PAR 
5204  input. 

"A  side"  bias  voltage, 
not  used. 

"B  side"  bias  voltage. 

The  frequency  in  the  initial  data  collection  routine. 
Temporary  storage  used  in  initial  data  collection. 

Upper  half  power  point  calculated  for  the  raw  data 
anal  ysi  s. 

Temporary  variable  used  in  the  raw  data  analysis  for  the 
quality  factor  Ql. 
not  used. 

Temporary  variable  used  in  the  raw  data  analysis  for  the 
quality  factor  Ql. 

Current  best  estimate  of  resonant  frequency.  Usea  also 
as  the  unperturbed  value  of  frequency  in  the  Ravine 
subroutine. 

The  initial  estimate  of  the  low  frequency  boundary  of  tne 
first  modal  resonance  of  interest.  Later  used  as  a 
program  calculated  estimate  for  the  lower  frequency 
of  the  initial  search  band  for  the  the  next  lower  modal 


r'esonance. 

Storage  of  statistics  in  raw  data  analysis  routine. 

Lower  half  power  point  calculated  t-or  r.he  raw  cat. 
anal ysi s- 
not  used. 

Unperturbed  frequency  in  the  Ravine  subroutine. 

Temporary  variable  used  in  the  raw  data  analysis  roLti.-.s. 
The  initial  estimate  of  the  high  frequency  boundary  o+ 
the  first  modal  resonance  of  interest.  Later  used  as  a 
program  calculated  estimate  for  the  higher  frequency  of 
the  initial  search  band  for  the  next  lower  modal 
resonance. 

Storage  array  for  the  ravineo  estimate  of  frequency  f  ‘r  ? 
■nodal  resonance. 

The  geometrical  correct  i -on  for  the  1  •  2  ini'-  -  -  ,  ■  ' 
mounted  in  the  w^l  i  cu  r  ;  -x'-g  -  - 


G9C]  - 


Q4C  1 
G1 


QIC  , 


G2 

G2C: 

GO 


K  C  1 
K:  1 

K  U  ] 
K2 


argumer'"  AT5F  ^.r<  •.  ;e  2  =  BTAft  and  nhe  secc 

argument  is  the  point  number  o-f  the  data  sample  <I  to  2 
The  e-f-fective  gamma  as  calculated  by  the  computer 
program.  The  argument  is  "C". 
not  used. 

Temporary  storage  tor  G1C,3  in  the  calculation  o+  the 
various  microphone  sensitivities. 

A  temporary  storage  -for  geometrical  correction  tactcrs. 
GlC2,m3=QCm]  and  G1 C 1 ,m3=DCm3 .  M  *  mode  number. 

Always  equal  to  one. 
not  used. 

Temporary  variable  used  in  the  program  correction  to  th 
ratio  ot  specific  heats. 

Used  in  initial  determination  o-f  quality  factor,  Q1  , 
resonant  frequency,  F9,  and  peak  amplitude  for  the 
resonance,  PI. 

Used  in  initial  determination  of  quality  factor,  21, 
resonant  frequency,  F9,  and  peak  amplitude  for  tie 
resonance ,  P 1 . 

Half  power  amplitude  used  in  the  raw  data  anal,.sis  used 
for  the  initial  determination  of  quality  factoi  ,  Q: , 
resonant  frequency,  F9,  and  peak  a.nplitude  for  w.-s 
resonance,  Fi. 

Used  ir.  i.-itiai  determination  of  quality  factor,  Ql  , 
resonant  frequency,  "9,  and  peak  ^vmplitude  fur  tne 
resonance,  PI. 

Used  in  initial  determination  of  quality  factor,  Ql, 
resonant  frequency,  F9,  and  peak  amplitude  for  the 
resonance ,  PI . 

A  program  counter. 

The  center  frequency  calculated  for  the  next  lower  mod  a 


f actor ,  Ql , 


resonance . 


The  transmitting  current  calculated  using  tne  cap-siic.-^ 
model  for  tne  microphone  and  the  driving  voltage  i  i'  .■s-:: 
the  micropnone  terminals. 

A  program  flag  used  in  the  switching  suDroucines  atiC 
later  used  to  indicate  STAR  or  ATBR  in  the  data. 

A  flag  used  to  indicate  wnen  the  initial  data  Sc^iiple  i  =-■ 
complete  or  not.  If  J1  >  1,  tnen  the  initial  sample  is 
over . 

Used  in  the  Ravine  subroutine  as  a  temporary  calculatic 
of  the  "step"  correction  to  either  Fl,  Ql,  or  F9  due  to 
previous  perturbation. 

Mean  square  error  output  by  MSE  subroutine. 

Used  in  tne  Ra/ine  suoroutine  as  a  temporary  ca'c.uc^t.^. 
Normalised  mean  square  error.  Used  i  ■  -'-v  ,'ie  s -Ui  cu  t  i  : 

Used  in  tne  Fa.ine  subroutine  as  a  tenpora,  .•  r,  1  .  a  „  . 

The  ;  n  ;  t  .  a  ;  high  .-ic  U?  .i.mper  . 

A  co'.ir.ter  i  ^ec  to  indicate  tne  geest  -.-cor  ;  .'its 
int.^rest  . 


moce  n.imfcer. 
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Comparison  calibration  o-f  Mic  "A"  based  upon  the 
reciprocity  calibration  of  Mic  "B". 

Comparison  calibration  of  Mic  “C  hassd  .-r 

reciprocity  calibration  of  Mic  'S'  . 

Th.-j  .r, L  iT.ciii  nu.nber  of  “ravines"  desired  in  tb  c-  l-ii. 
square  error  analysis  of  C ,  0,  ar.d  A  usirig  a  Teller, 
line  shape. 

Reciprocity  calibration  for  "A  side"  microphone. 
Comparison  calibration  of  Mic  "B“  based  upon  the 
reciprocity  calibration  of  Mic  "A". 

Comparison  calibration  of  Mic  "C"  based  upon  the 
reciprocity  calibration  of  Mic  "A" 

Reciprocity  calibration  for  "B  side"  microphone. 

A  program  counter. 

The  mass  of  water  in  the  atmosphere  per  unit  volume  iis 
calculated  by  reference  to  the  temperature  and  relati.e 
humidity.  This  is  used  in  the  computer  ccrreccion  co  bfe 
ratio  of  specific  heats  due  to  the  non-adi abati c  Douncar/ 
conditions  within  the  resonant  cavity. 

The  output  variable  in  the  subroutine  used  to  measure 
atmospheric  pressure. 

The  average  atmospheric  pressure  obtained  over  one  modal 
data  sample.  Used  also  as  the  initial  pressure  obtained 
before  the  data  sample  is  obtained. 

The  amount  Dy  which  the  peak  voltage  is  perturbed  in  the 
Ravine  subroutine. 

^  3. 14159 

The  best  estimate  of  the  peak  signal  voltage.  Tne  lower 
perturbation  in  the  signal  voltage  in  the  Ravine 
subroutine. 

The  higher  perturbation  of  the  peak  voltage  in  the  Ravne 
subrout i ne . 

The  previous  best  estimate  of  the  peak  voltage  artO  the 
current  unperturbed  value  for  the  peak  voltage  in  the 
Ravine  subroutine. 

Storage  array  for  the  ravined  estimate  of  the  quality 
factor  for  a  modal  resonance. 

Temporary  storage  for  quality  factor  used  in  Ra/in= 
subroutine. 

The  size  of  the  perturbation  of  "Q"  used  in  the  Ravine 
subroutine. 

A  sample  of  output  voltage  used  in  the  search  for  tre 
optimum  initial  drive  voltage. 

A  counter  in  the  signal  averaging  associated  with  cne 
point  data  sample. 

The  current  best  estimate  of  the  "Q".  The  lower 
perturbation  of  the  value  for  "Q“  in  the  Ravine 
subrout 1 ne. 

The  higher  per  t  jrbat  i  on  of  tne  /alue  tor  'D"  in  the  Ra'- i  ■ 
Si.'.br  out  i  ne . 

The  previous  best  estimate  and  current  unperturbed 


far  the  value  of  "Q*‘  in  the  Ravine  subroutine. 

A  program  counter  for  mode  number  under  consi cer *t i on .  ; 

"A  side"  effective  resistance  including  the  inp.m  prea-ip 
resistance  and  the  bias  blocking  resistor. 

"8  side"  effective  resistance  including  the  input  prea.r.p 
resistance  and  the  bias  blocking  resistor. 

The  relative  humidity  observed  at  the  beginning  of  the 
exper i ment . 

An  accumulator  in  the  subroutine  obtaining  comparison 
voltages. 

A  sample  variable  in  the  subroutine  obtaining  comparison 
vol tages. 

An  accumulator  in  the  subroutine  obtaining  comparison 
vol tages. 

A  sample  variable  in  the  subroutine  obtaining  comparisor 
vol tages. 

Temperature  variable  in  the  "Get  Temp"  subroutine.  usee 
as  the  temporary  storage  for  the  value  of  temperature 
obtained  just  after  a  data  sample  has  been  obtained. 

The  average  temperature  obtained  over  one  modal  data 
sampl e. 
not  used, 
not  used. 

The  time  in  decimal  hours  at  the  beginning  of  a  jata 
sample. 

The  value  of  modal  temperature  before  the  data  samples 
are  taken.  Also  used  to  store  the  average  value  of 
temperature  associated  with  a  modal  calibration, 
not  used. 

The  PAR  5204  time  constant  (sec.). 

The  time  in  decimal  hours  at  the  end  of  a  data  sample. 
The  percent  uncertainty  between  na  and  nab. 

The  average  value  of  ha  and  hab. 

H  program  -t-lag;  it  U7=l,  then  erase  the  tape;  i* 
then  do  not  erase  the  tape.  Later  in  the  program,  ’.his 
13  used  as  a  counter  (see  line  226(.i)  logical!  /  re.atea  •: 
either  the  long  or  short  tube  as  a  count  of  mode  number 
The  average  value  of  hca  and  hcb. 

The  average  value  of  hb  and  hba. 

Storage  array  for  ravined  signal  voltage  at  modal 
resonance. 

Storage  array  for  the  comparison  voltages; 

1  =  Vea,  2  -  Vcb. 
not  used. 

An  array  storing  the  corrected  volumes.  Tne  arguments 
are  C"  and  "Cl". 


G  .1  r  p  t  c 

mat  "IX  t  unction 

1  n 

r  aw  ' 

V 

=  L  =  ro-.it 

Storage 

ot  at  at  1  St  1  c  5  i  r 

r 

dat  a 

; 

/  ^ 

r  QL.  r  1  , 

St  O'"  age 

o  *  statistics  in 

r 

data 

ar*  4^  i 

-  B ; 

B 

f  c  n  r.  1  r  e  . 

btc.r  age 

a+  scatistios  in 

r 

cat  a 

anai 

/  '5  i 

5 

r  OL.t  i  'Iff  . 

:  I  It-  . 


X2  -  Storage  o-f  statistics  in  raw  aata  analysis  routine* 

Yl  -  Storage  o+  statistics  in  raw  data  analysis  routine. 

Y3  -  Storage  of  statistics  in  raw  data  analysis  routine. 

Y2  -  Storage  of  statistics  in  raw  data  analysis  routine. 

Note;  A  number  of  iterations  of  this  program  were  written  botn 
in  its  development  and  to  accommodate  the  five  different 
electroacoustic  configurations  described  in  chapter  four.  As  a 
result,  not  all  the  original  variables  were  employed  in  the  final 
program.  Since  computer  memory  was  not  a  problem,  the  dimension 
statements  for  these  variables  were  left  uncnanged  to  facilitate 
returns  to  older  configurations.  This  is  why  some  of  the 
variables  are  listed  as  "not  used"  in  this  particular  version. 


APPENDIX  C 


DESCRIPTION  OF  THE  PROGRAM  USED  TO  OBTAIN 
THE  COMPARISON  RATIO,  Vb/Va  IN  THE  FREE  FIELD 
COMPARISON  CALIBRATION 


A.  INTRODUCTION 

The  computer  program  written  on  the  -following  page  was 
written  in  Hewlett  Packard  series  80  basic.  It  was  used  on 
the  HP-85  and  obtained  the  comparison  voltages  for  the  free 
field  reciprocity  calibration. 

The  following  pages  are  separated  into  three  different 
parts  for  convenience.  First,  there  is  a  functional 
description  of  the  program  shown  in  table  C.  1.  Next  there  is 
the  program  listing  and  last  there  is  a  list  of  definitions 
for  the  variables  used  in  the  program.  Figure  3.2  in  the 
beginning  of  chapter  III  illustrates  the  equipment  setup 
controlled  by  this  program. 

The  functional  outline  is  shown  next. 


B.  FUNCTIONAL  DESCRIPTION  OF  THE  PROGRAM 


This  program  is  divided  into  six  subsections  cutlined 


bel ow: 


Initial  setup  using  W.E.640AA  microphone. 

Calculation  o+  voltage  division  for  condenser  microphone. 
Speaker  transmit,  W.E.640AA  receive  data. 

Secondary  setup  using  Altec  688A  electrodynamic 
mi crophone. 

Speaker  transmit,  Altec  688A  receive  data. 

Calculation  of  ratio  640R/688R  vs.  frequency. 


These  six  functional  descriptions  are  more  fully  descrioed 


»  I 


U. 


in  the  table  below. 


Begirin  ing  line  number  -  functional  description 

10  Program  initialization  and  equipment  setup.  The  condenser 
microphone  must  oe  set  up  before  proceeding  with  the  run. 

40  This  operator  modifiable  line  dictates  the  frequencies  tnah 
will  be  examined  for  a  signal  voltage.  In  this  example,  we 
start  with  mode  19  and  proceed  through  mode  31.  These 
modes  refer  to  the  longitudinal  resonances  obtained  in  tne 
long  tube  with  plane  wave  resonant  reciprocity. 

52  Here  the  circuit  variables  involved  in  the  voltage  divisio.i 
associated  with  the  condenser  microphone  are  used  to 
calculate  the  signal  transfer  function. 

60  Twenty  five  samples  at  each  frequency  of  interest  are 

averaged  to  reduce  the  error  associated  with  a  low  signal 
to  noise  ratio.  The  average  and  standard  deviation  are 
calculated  and  stored. 

170  The  operator  is  cued  to  enter  the  anechoic  chamber  to 

remove  the  condenser  microphone  and  replace  it  with  the 
Altec  6aaA  electrodynamic  microphone.  A  three  wire  support 
was  used  to  spatially  relocate  the  Altec  in  the  same 
position. 

210  Data  sampling  for  the  Altec  dBBA  begins  in  the  same  fashio,- 
described  in  line  60  above. 

350  The  HP-S5  begins  calculating  and  printing  the  resul  :  ^  "u-  4 

let  the  operator  i  now  that  the  prc.;r?dure  is  finishej. 

Both  the  average  ratio  and  the  standard  deviation  of  the 
ratio  are  computed. 


F'ROGRAM  LISTING 


10  CPTIOM  SftSE  I 

20  oir^  ,R<‘!iO)  .s<3.40> 

30  OUTPUT  717  ;'*AM".I25."MR" 

AO  FOR  M-19  TO  31  STEP  3 

50  S-O 

51  Q-0 

52  EI-1 16.  12 

53  C-52 . 722* . 00 1 2A85+ . 000036329-E I -2 
5A  R8-92A7G63 

55  a4-(l/<2»PI*2A5-!i*R8*C». 000000000001  >>*2 

56  G1-SQR<(255/C*1)''2+B4> 

60  FOR  N-1  TO  25 

70  OUTPUT  717  :"FR" .M*2A5 ."HZ" 

80  WAIT  500 
90  OUTPUT  709  ;”VT3" 

92  ENTER  709  ;  SI 

105  S1-S1-.001»G1 

no  S-S+Sl 

115  Q-0*Sl-2 

120  NEXT  N 

130  A(1 .M)-S/25 

135  S(1  .‘M)-(Q-25»A(1  ,M)'2)/24 

lAO  PRINT  "" 

145  PRINT  "FPEQ-",M»245 
150  PRINT  ‘'A<1  ,M)-",A<1  ,M> 

160  NEXT  M 

170  CLEAR  (?  BEEP 

180  OISP  "SET  UP  NEXT  MIC  NOW" 


170  CLEAR  %  BEEP 
180  OISP  "SET  UP  NEXT  MIC  NOW" 
190  OISP  "PRESS  CONT  WHEN  DONE" 
200  PAUSE 

210  FOR  ri-13  TO  31  STEP  3 
220  S-O 
225  Q-0 

230  FOR  N-t,  TO  25 

240  OUTPUT  717  ;"FR"  .M-245 ."HZ" 

250  WAIT  500 

260  OUTPUT  709  ;"VT3" 

270  ENTER  709  ;  SI 

275  Sl-Sl-.OOl 

290  S-S*S1 

235  Q-a*S1'2 

290  NEXT  N 

300  A(2.M)-S/25 

305  S(2.M)-<Q-25‘A(2.M)'2)/24 

310  PRINT  "" 

315  PRINT  "FREQ-".M-245 
320  PRINT  "A<2.M)-",A(2,t1> 

330  NEXT  M 
340  PRINT  "" 

350  PRINT  "AVERAGE  RATIOS" 

36U  PRINT  "" 

370  FOR  N-I9  TO  31  STEP  3 
330  PRINT  "F0R",M-245,"HZ.  R-" 
390  PRINT 

395  PRINT  "SQR(S)-".SQR<S(1  .ri)' 
400  NEXT 

4  '  0  EAR  BE~P 
420  DIG?  "THE  END" 


.A(1 .n)/A(2,M> 


SQR(S)-"  .SQR<S(  1  .ri)*S(2.M)  > 


VARIABLE  DEFINITIONS  USED  IN  THE  PROGRAM  "Vratio” 


1 


]  -  Storage  array  used  to  store  the  individual  values  ot  tne 

ratio.  The  tirst  argument  is  1  =  condenser  mic;  2  = 
el ectrodynami c  mic  and  the  second  argument  is  the  mode 
number,  "M“. 

-  Temporary  storage  for  a  portion  of  the  transfer  funct.on 
of  the  input  acoustic  signal. 

The  bias  voltage  corrected  value  of  capacitance  for  the 
condenser  microphone. 

-  This  is  an  operator  modifiable  value  of  the  measured 
bias  voltage  for  the  condenser  microphone. 

-  The  calculated  value  of  the  transfer  function  at  the 
frequency  of  interest. 

-  Mode  of  interest. 

Sample  counter. 

-  Parallel  combination  of  the  bias  blocking  resistor  and 
the  input  resistance  of  the  signal  preamplifier. 
Accumulator  for  sample  voltage. 

Sample  voltage. 

Array  storage  for  individual  ratio  sigmas, 
arguments  are  the  same  as  used  for  AC,]. 

Accumulator  for  sample  voltage  squared. 


] 


The 


APPENDIX  D 


DESCRIPTION  OF  THE  PROBRAM  USED  TO 
OBTAIN  THE  FREE  FIELD  COMPARISON  CALIBRATION 

A.  INTRODUCTION 

Th«  computer  program  shown  on  the  -following  pages  is 
written  in  Hewlett  Packard  series  SO  basic.  It  was  used  on 
the  HP-8S  and  completed  data  acquisition  and  a  comparison 
sensitivity  calibration  for  the  W.E.640AA  serial  #1248 
condenser  microphone.  The  most  time  consuming  portion  of 
the  program  is  that  associated  with  operator  interaction. 
The  operator  is  directed  to  enter  the  anechoic  chamber  and 
measure  the  separation  distance  between  the  diaphragm  of  the 
condenser  microphone  and  the  shielded  front  end  of  the  Altec 
688A  electrodynamic  speaker  microphone  at  the  beginning  of 
the  run,  at  a  check  point  in  the  middle  of  the  run,  and  at 
the  end  of  the  run.  After  these  operator  measured  distances 
and  a  few  other  parameters  are  entered  into  the  computer, 
the  program  does  the  rest. 

At  the  end  of  each  series  of  measurements  at  ever 
increasing  separations,  a  "quality  control"  plot  of  the  data 
is  provided  for  operator  viewing.  Two  plots  are  provided  to 
the  operator.  The  first  is  a  simple  plot  of  signal  voltage 


VS  rang*  and  appsara  as  a  1/r  typs  plot.  Tha  sacond  plots 
tha  log(v)  ys  -log(r).  I-f  tha  slopa  o-f  the  log/-log  plot  is 
exactly  one,  the  spreading  is  spherical.  O-f  course,  the 
slopa  is  never  mxactly  one,  but  variations  due  to  standing 
waves  and  other  difficulties  are  easily  seen  and  prompt 
experimental  repair  prior  to  taking  additional  data. 

The  following  pages  are  separated  into  three  different 
parts  for  convenience.  First,  there  is  a  functional 
description  of  the  program  which  is  listed  in  table  D.l. 
Next,  there  is  the  program  listing  and  last  there  is  a  list 
of  definitions  for  the  variables  used  in  the  program. 

The  functional  listing  for  the  program  is  next. 
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B.  FUNCTIONAL  DESCRIPTION  OF  THE  PROGRAM 


The  main  program  is  divided  into  seven  subsections  as 
outlined  below: 

1*  Initial  program  setup  with  operator  inputs.  The 
W.E.640AA  IS  the  microphone  and  the  Altec  68BA 
is  the  speaker. 

2.  Motor  drive  activation  and  sequential  sampling  at 
intervals  oi  separation  begins. 

3.  Program  stops  and  cues  operator  to  enter  the  anachoic 
chamber  to  obtain  a  "check"  distance. 

4.  Motor  drive  is  activated  and  sequential  sampling  at 
intervals  a-f  separations  continues  to  the  end  of 
the  data  run.  Total  time  is  ~  45  minutes  per  freq. 

5.  The  operator  is  again  cued  to  enter  the  chamber 
and  obtain  the  final  distance. 

6.  After  the  operator  enters  the  final  distance,  the 
program  enters  the  calculation  phase  and  outputs 
the  "check"  plot. 

7.  If  the  operator  observes  an  absence  of  obvious 
standing  waves  and  desires  to  use  the  sampled  data, 
then  he  answers  a  query  regarding  the  type  of 

el ectrodynamic  microphone  used  (either  68BA  or  633), 
inputs  a  check  value  for  the  currant  measuring 
resistor,  and  the  program  calculates  the  comparison 
calibration  for  the  N.E.640AA.  A  sample  of  tnis 
output  Is  shown  in  figures  3.26,  3.27,  and  3.28. 


■'hese  sever,  functional  descriptions  are  more  fully  cu-linaa 
in  tf-:e  table  below. 


Beginning  line  number 


Functianal  description 


Program  initialization  and  equipment  setup  begins. 

The  counter  is  reset  to  prepare  -for  the  new  run. 

The  computer  control  is  directed  to  send  a  "motor  o-f^ 
command . 

The  operator  is  asked  to  set  in  the  time  it  it  is  tnt 
first  run  of  the  day. 

The  arrays  are  dimensioned. 

The  subroutine  to  set  up  the  recording  magnetic  tape 
IS  run. 

The  subroutine  storing  the  preamplifier  gain  is  run 
loading  this  info  into  the  array  ACD. 

The  least  square  error  fit  solutions  relating 
"asked  for"  driving  voltage  to  "measured"  drive 
current  through  the  current  measuring  resistor  are 
read  into  the  proper  arrays. 

The  operator  is  asked  to  enter  the  initial  "record" 
number  where  the  data  will  be  stored  on  the  magnetic 
tape. 

The  first  "run"  prior  to  the  first  data  sample  (N=l> 
IS  begun. 

Note:  regardless  of  what  setup  existed,  the  program 
printed  "633  Trans,  640AA  receive"  due  to  the  fixed 
value  of  R1  finally  adopted  in  line  315.  A  later 
query  actually  determines  the  value  for  "Vratio" 
which  will  be  used. 

Bias  voltage  is  obtained. 

Operator  is  asked  to  enter  desired  incde  number  and 
drill. ig  voltage  to  be  used. 

Operator  is  asked  to  enter  the  desired  dri/ing  .oitac 
for  Che  speaker. 

Operacor  IS  asked  to  enter  the  voltage  drop  across  t^ 
current  measuring  resistor. 

Subroutine  entering  the  values  of  Vb/Va  determinec  ir 
the  program  "Vratio"  initializes  the  necessary  arrays 
Operator  is  asked  to  enter  the  PAR  5204  sensiti/it,  . 
vol ts. 

Operator  is  asked  to  enter  tne  -sr.  c2.4  c....=  _ 

up  er  a  t  or  i  ^  .r. .  .  ^  u  u  a:'  - r  ..iv  u  i  n  i  w  i  a  .  s crp  .  .a  c  i  - 

.  ..  t  ^  AT  ■  d  cigiTi  of  Che  concenser  ...i  cr  wp. . -  s 

an.J  Cna  e  1  ectr ou  y nami  c  . ni  ur  uph.-  .v  . 
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s  emer.c  is  used  ana  a  lacer  measur  emen  t  i 

made,  the  a.erage  value  is  eventually  useu  to  comper 
for  any  slight  temperature  aeperdent  changes  *-cunc  i 
the  r-esi  stance. 
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800  Th«  bias  voltage  is  sampled,  -.holdover  from  previous 
version) 

SlO  The  tabulated  frequency  dependent  gam  tor  the 
preamplifier  is  read  into  an  array. 

820  The  "counter"  output  from  the  optical  shaft  encoder  is 
initial ized. 

830  The  temperature  is  sampled. 

840  The  atmospheric  pressure  is  sampled. 

370  The  bias  voltage  is  sampled. 

910  Data  sampling  loop  begins.  The  drive  motor  is  activated 
allowed  to  run  Tl  milliseconds,  and  turned  off.  A 
delay  of  fifteen  seconds  is  observed  to  allow  swaying 
to  cease. 

970  Thirty  data  readings  are  sampled  at  this  separation. 

1120  At  the  eighth  inter va  1,  the  operator  is  asked  to  enter 
the  anachoic  chamber  and  oOtain  a  comparison  separa cn 
measurement.  After  this  is  entered  m  the  program,  ti.e 
remaining  separation  .measurements  are  made  by  the 
computer . 

ilSO  After  all  data  has  been  measured,  the  bias  voltage  is 
again  sampled. 

1190  Again  the  atmospheric  pressure  is  sampled. 

1200  Again  the  temperature  is  sampled. 

1210  The  averages  are  stored  for  the  bias,  pressure,  and 
temperature. 

1254  The  operator  is  asked  to  measure  and  enter  the  4-wire 
current  measuring  resistor  and  the  final  distance. 

1450  The  data  is  printed  for  operator  viewing  and  stored  on 
magnetic  tape. 

1760  An  ordinary  data  plot  is  provided  for  operator 
eval uat i on . 

1790  Details  of  operator  measurements  are  printed. 

010  A  log/log  plot  is  provided  for  operator  evaluation. 

040  The  operator  is  asked  to  decide  if  the  run  was  cord 
or  if  It  must  be  repeated. 

203(!)  Calibration  sensitivities  are  printed  Ci..t  /s  each 
range  with  statistics  includec.  (5i  jma  is  i  r.  v/Pa.' 

2420  The  final  form  of  the  sensitivit/  calibrations  are 
stored  on  tape. 

2500  Subroutine  to  get  least  squares  fit  for  1  r  data. 

2760  Subroutine  to  get  temperature. 

2830  Subroutine  to  get  atmospheric  pressure. 

2920  Subroutine  to  get  bias  voltage. 

3000  Subroutine  to  get  plot  of  cats. 

3430  Subroutine  zr,  get  array  with  preamp  gain. 

3690  Subroutine  to  get  v.oltage  dinsion  f  cjr  W.E.i4  Pa. 

Z'^70  onbroutine  to  =etup  nagneric  tiipe. 

4000  Subroutine  r  c.  get  coe  f  i  r  i  e.h  t  =  ,  1  tr  rairc. -te  . 

3ubroL:t;ne  ^  get  arrays  witn  'Vratio'  jutu-,  t 


■f  t'  ere? 
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This  p.'c^gr  aiD  was  i  r.^ ‘;  i  al  1  /  written  to  control  data 
acquisition  for  three  separate  -free  -field  reciprocity 

calculations.  In  this  final  version,  two  different 
comparison  calibrations  based  upon  the  data  necessary  for 
one  reciprocity  calibration  are  possible.  The  final 
comparison  calibration  is  based  upon  either  the  Altec  6BSm 
electrodynamic  microphone  or  an  older  "633  type  saltsba: er 
electrodynamic  microphone.  The  comparison  calibratioi" 

.-esults  finally  used  are  referenced  to  the  Altec  683A. 


■"he  program  listing  is  next. 
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PROGRAM  LISTING 


10  !  REV  19  MAY  84 

20  !  PROG  N28-rNVERSE  R  DATA  COLLECTION.  CPU  CONTROLS  MOTOR 
RUN 

30  !  AND  DATA  STORAGE/PLOT 
40  OUTPUT  720  ;"RE"  *  RESETS  COUNTER 

50  OUTPUT  709  ; ”004, 14, 15”  1  MAKES  SURE  VOLTS  TO  MOTOR  ARE  0 
FF 

SO  CLEAR 

6!  DISP  ••SETTIME?'?  H*3600+M*60 .MOD” 

52  DISP  "PRESS  CONT  IF  OK" 

53  PAUSE 

70  DISP  "HOOK  UP  MOTOR  VOLTS" 

80  BEEP 
90  BEEP 
100  BEEP 

no  OPTION  BASE  I 

120  DIM  B<20>,V<20).C(20).M0<20),A(40>,E1(2),T1(3),P1(3> 

130  DIM  B1 (20) ,V1 <20) .B8(20) 

140  DIM  B7<20).V7<20),V8<20) 

150  DIM  S4<9) .E3<20) ,E4<20) ,A2(40) ,B2<40> .R5(40) .RS(40> 

150  !  B  MILL  STORE  RANGE 
170  1  C  HILL  STORE  DELTA  RANGE 
130  GOSUB  3770  !  TAPE  SETUP 
190  GOSUB  3430  !  PREAMP  GAIN 
195  GOSUB  4000  *  INITIALIZE  II 

200  DISP  "ENTER  BEGINNING  RECORD  NUMBER  FOR  'DATl'  STUFF” 

210  INPUT  L4 

220  FOR  N-1  TO  20 

230  M0(N)-0 

240  81<N)-0 

250  V1(N)-0 

250  B7<N)-0 

270  V7(N)'0 

280  B8<N)-0 

290  V8<N)-0 

300  NEXT  N 

310  1  FOR  Rl-I  TO  3 

315  R1-1 

320  !  RI-1:  S33T640R 

330  1  R1-2;  588T640R 

340  !  Rl-3;  688T633R 

350  OUTPUT  720  :"RE"  1  RESETS  COUNTER 

360  OUTPUT  709  :"D04, 14. 15"  !  MAKES  SURE  VOLTS  TO  MOTOR  ARE 
OFF 

370  IF  RI-1  THEN  GOTO  400  ?  633T640R 

380  IF  R1-2  THEN  GOTO  440  »  688T640R 

390  IF  Rl-3  THEN  GOTO  480  1  688T533R 

400  PRINT  "633A  TRANS, 640AA  RCV" 

410  PRINT  "" 

420  DISP  "633A  TRANS, 640AA  RCV" 

430  GOTO  510 

440  PRINT  "688  TRftNS.640AA  RCV" 

450  PRINT  "" 


460  OISP  "Saa  TRflNS,640flft  RCV“ 

470  GOTO  510 

480  PRINT  "688  TRANS.  633A  RCV" 

490  PRINT  "" 

500  DISP  "S88  TRANS,  633 A  RCV 
510  Cl -52. 722  !  PF  #1248 
520  R8-9247663  !  OHHS 
540  60SUB  2920  !  GET  BIAS 
550  C2-255  !  PF 

552  DISP  "LONG  TUBE  PLANE  HAVE  NODE  NUMBER  FOR  FREQ” 

554  INPUT  F 
556  F9-F 

558  F-F-245  ?  FOR  LATER  COMPARISON  WITH  TUBE  RECIPROCITY  DAT 
A" 

560  DISP  "INPUT  DRIVING  MV 

570  INPUT  AO  f  ASKED  FOR  DRIVING  VOLTAGE  IN  MV 

571  IF  Rl-1  THEN  V2-A0 

575  *  V0-A2(F9)»V2+B2(F9) 

576  DISP  "INPUT  V  DROP" 

577  INPUT  VO 

578  GOSUB  5000 

580  OISP  "ENTER  5204  SENS  IN  VOLTS" 

590  INPUT  BO 

600  DISP  "ENTER  5204  TINE  CONSTANT" 

610  INPUT  T2 
620  T2-T2-I000 

630  DISP  "MEASURE  AND  ENTER  THE  START  DISTANCE  FOR  NIC  B.MIC 
A  TO  MIC  B  FACE<CM)” 

640  INPUT  D1 

630  T1 -10000  f  INTERVAL  OF  ORIVETMOTOR)  TIME  IN  MILLISEC 
700  Ml -20  !  #POINTS, MAX-20" 

710  ! 

720  • 

730  OUTPUT  717  :”FR".F."HZ" 

740  OUTPUT  717  ;"AH".A0."MR" 

750  IF  Rl-1  THEN  760  ELSE  800 

760  DISP  "MEASURE/ENTER  633  4-WIRE  CURRENT  LIMITING  RESISTAN 
CE" 

770  INPUT  R9<1) 

780  !  R9-74.705  !  OHMS 

730  PRINT  "4WIRE-R<0HMS)-",R9<1) 

800  IF  R1<3  THEN  GOSUB  2920  !  GET  BIAS 

810  GOSUB  3690  !  GET  G1 

820  T-0  »  INITALIZE  TOTAL  COUNT 

830  GOSUB  2760  *  GET  T3 

840  GOSUB  2830  !  GET  P 

860  IF  Rl-3  THEN  890  ELSE  870 

870  GOSUB  2920  ?  GET  BIAS 

880  EHRU-EI 

890  PI <R1 >-P 

900  TMRn-T3 

910  FOR  N-1  TO  Ml  !  GET  DATA 


920  OUTPUT  720  ;"PN12" 

930  OUTPUT  709  •."DC4,14.15** 

940  MATT  T1 

950  OUTPUT  709  ;"0Q4.  t4,t5'* 

960  WAIT  15000  !  STOP  SWAYING 
970  ENTER  720  ;  A1  !  COUNT  THIS  RUN 
980  V<N)-0  !  INITALIZE  VOLTS 
990  T-T+-A1 

1000  FOR  n-t  TO  30  !  AVG  30  READINGS 
1010  OUTPUT  709  ;"VT3” 

1020  WAIT  3-T2  !  WAIT  THREE  5204  TIHE  CONSTANTS 

1030  ENTER  709  ;  E 

1040  V<N)-V<N)+E 

1050  NEXT  M 

1060  V(N)-V<N)/30 

1070  B<N)-T  1  CUMULATIVE  COUNT 

1080  C<N)-A1  1  COUNT  NTH  RUN 

1090  DISP  A1 ,T,N.V<N) 

1100  BEEP 

1110  OUTPUT  720  ;‘*RE" 

1120  IF  N-INT(M1/2.3>  THEN  1130  ELSE  1160 

1130  BEEP  50.505 

1140  DISP  "MEASaENTER  DIST(CM)" 

1150  INPUT  D7  1  CHECK  DIST. 

1160  NEXT  N  !  END  OF  GET  DATA 

1161  PRINT  "TIME-", TIME/3600 

1162  PRINT  "DATE-". DATE 

1170  IF  R1-3  THEN  1180  ELSE  1190 

1180  GOSUB  2320  f  GET  BIAS 

1190  GOSUB  2830  1  GET  P 

1200  GOSUB  2760  !  GET  T3 

1210  IF  R1<3  THEN  El <R1 )-<E1 <R1 >+E1 )/2 

1220  P1<R1)-<P1<R1)+P)/2 

1230  T1<R1)-<T1<R1)+T3)/2 

1240  BEEP  50,505 

1250  OUTPUT  717  :"AM",1,"HR" 

1253  IF  Rl-1  THEN  1254  ELSE  1260 

1254  DISP  "MEASURE/ENTER  633  4-WIRE  CURRENT  LIMITING  RESISTA 
NCE" 

1255  INPUT  R9<2) 

1256  PRINT  "WIRE  RESISTANCE-" .R9<2) 

1257  R3-<R9<n+R9<2))/2 

1258  PRINT  "AVG  4-WIRE  QHMS-".R9 

1260  DISP  "MEASURE  AND  ENTER  THE  FINAL  DISKCM)  " 

1270  INPUT  02  !  FINAL  DIST 

1280  L-ABS<D2-D1)  1  TOTAL  DIST<CM> 

1290  FOR  N-1  TO  Ml  1  SCALE  DATA 

1300  V<N)-V<N)-B0-G1 

1310  IF  D1>D2  then  1320  ELSE  1340 

1320  B<N)-D1-B(N)-L/T 

1330  GOTO  1350 

1340  B<N)-D1+B<N)-L/T 

1350  C(N)-C(N)-L/T 


1360  NEXT  N  f  END  OF  SCAL£  DATA 

1370  INAGE  2D,1X,3D.DDO.tX.4O.DbD.tX.D.DDD0DE 

1380  PRINT  "  N  RUN  R(Cn>  WOLTS" 

1390  FOR  N-1  TO  (11  !  PRINT  BATA 

1400  PRINT  USING  1370  ;  N.CtN) .ff<N) ,V<N> 

1410  NEXT  N  !  END  OF  PRINt  DATA 
1420  GOSUB  2500  *  GET  L‘2  FIT 
1430  ASSIGN#  1  TO  "DATI“ 

1440  IF  R1<3  THEN  1450  ELSE  1480 

1450  PRINT#  1,L4  ;  VO ,B<) ,E1 (R1 > .PI (R1 > ,T1 (R1 ) ,V0 ,R9 .F,A ,B . 
Ml 

1460  L4-L4f1 
1470  GOTO  1500 

1480  PRINT#  I,L4  ;  V<  )  ,B<  )  .Et  (2)  .PHRI ) .  Tt  <R1 ) .  V0,R9.F,A.B,M 
1 

(490  L4-L4+t 
1500  f 

ISiO  IF  R1-1  THEN  1540  !  STOREDATA 

1520  IF  Rl-2  THEN  1610 

1530  IF  R1-3  THEN  1680 

1540  FOR  N-1  TO  Ml  *  633T-640R 

1550  B1<N)-B<N) 

1560  V1(N)-V<N) 

1570  NEXT  N 
1580  V6-1/A 
1590  A6-B/A 
1600  GOTO  1750 

1610  FOR  N-1  TO  Ml  ?  688T-640R 
1620  B7<N)-B<N) 

1630  V7(N)-V<N) 

1640  NEXT  N 
1650  V7-1/A 
1660  A7-B/A 
1670  GOTO  1750 

1680  FOR  N-1  TO  Ml  1  688T-633R 
1690  B8(N)-6<N) 

1700  V8<N>-V<N) 

1710  NEXT  N 

1720  V8-1/A 

1730  A8-6/A 

1740  f  END  STORE  DATA 

1750  1 

1760  GOSUB  3000  1  PLOT  DATA 
1770  COPY  1  END  PLOT  1/R  DATA 
1790  PRINT  •••• 

1790  PRINT  !  RECORD  DETAILS 

1800  PRINT  "#  OF  MEASUREMENTS-". Ml 

1310  PRINT  "MEAS  CHEC1«CM)-" .07 

1820  PRINT  "CALC  DIST  (CM)-" ,B( INT(M1 /2.3) ) 

1830  PRINT  " . " 

1840  PRINT  "GIST  ''/ERROR-", (8(  INT<HV2 .3)  )-D7)«1 00/D7 

1850  PRINT  " . " 

'860  PRINT  "START  DIST<CM)-” .01 


1870  PRINT  "END  0rST<CM)-".D2 
1880  PRINT  "5204  SENS  -".BO 
1890  PRINT  "717  MVOLTS-".AO 
'1900  PRINT  "TOTRL  COUNT-”.! 

1910  PRINT  "FREQ  (HZ)  -".F 
1920  PRINT  1  END  RECORD  DETAILS 
1930  FOR  N-1  TO  Ml  *  SWAP  LOG  DATA 
1940  E3(N>-1/B<N) 

1950  E4<N)-W<N) 

1960  NEXT  N 

1970  FOR  N-1  TO  Ml 

1980  B<N>-ABS<20-LGT<E3<N))) 

1990  V(M)-ABS<20-LGT<E4<N))) 

2000  NEXT  N 

2010  GOSUB  3000  !  PLOT  SUBROUTINE 
2020  COPY  1  END  PLOT  LOG  DATA 
2030  GaEAR  8  BEEP 

2040  DISP  "RERUN  LAST  DATA  ?  ENTER  1-  RERUN.  2-NO.  CONTINUE” 

2050  INPUT  Z9 

2060  IF  Z9-1  THEN  R1-Rt-1 

2070  1  NEXT  R1 

2075  R1-1 

2080  PRINT  "M0(640>  VS  RNG(CM)” 

2090  PRINT  "" 

2100  IMAGE  3D,D0D.1X.D.0DDDE 
2110  PRINT  "  RANGE (CM)  MO (640)" 

2120  M9-0  1  SUM  MO 

2130  R3-0  f  SUM  R 

2140  R4-0  1  SUM  R*2 

2150  K9-0  1  COUNTER 

2160  N8-0  1  SUM  MO'2 

2170  1  FOR  M-INT(M1/2)  TO  Ml 

2180  1  V4-1/(BT(M)/V7+A7/V7) 

2190  !  V3-1/(B1(M)/V8+A8/V8) 

2200  !  R3-R3+V4/V3 

2210  1  R4-R4+<V4/V3)'2 

2220  !  K9-K9+1 

2225  1  PRINT  "RATIO-". V4/V3 

2230  r  NEXT  M 

2240  !  R5-R3/K9  1  AVG  R  +  SIGMA 
2250  1  R6-SQR(ABS(R4-K9-R5'2)/(K:9-1  >) 

2254  BEEP 

2255  DISP  "INPUT  V  DROP  IN  VOLTS" 

2256  INPUT  VO 

2257  DISP  "INPUT  1-640R+633T" 

2258  DISP  "INPUT  2-640R+688T" 

2259  INPUT  N 

2260  IF  N-1  THEN  R5-R5<F9>  ELSE  R5-R6(F9) 

2265  FOR  N-1  TO  Ml 

2270  E4-VI<N) 

2280  !  I1-(A2(F9)-V2*82<F9))/R9 
228^  I1-V0/R8 


2290  Z1-E4»R5»4.30356I«<273.IG+T1<t )>»(B1 <N)+ft6) 

2300  Z2-I1»P1<1)-100»F 
2310  t10<N)-SQR<Zl/Z2) 

2320  PRINT  USING  2T00  ;  B1(N>,f«J<N> 

2325  PRINT  "OB  RE  lV/UB»200VBIftS-",20»i.GT(200*l10<N)/Et  <  1  >  >-2 
0 

2330  rt9-N9*nO<N)  f  FORM  STATISTICS 
2340  M8-n8+H0(N)'2  !  OF  MO<N) 

2350  NEXT  N 
2355  PRINT  "11 -",11 
235S  PRINT  "VO-",VO 
2357  PRINT  "R9-",R9 
2360  N7-N9/Nf  1  <MO<N)> 

2370  PRINT  "<M0>-",M7 

2375  PRINT  "flVGDB  1V/UB«200VBIAS-",20*LGT(200-M7/E1 < 1 ) )-20 
2380  M6-SQR<ABS<M8-M1*H7*2)/(m-1 )) 

2390  PRINT  "SIGMA-", M6 

2400  PRINT  "<RATI0->",R5 

2405  t  PRINT  "PROG  RATIO-" ,R5(F9) 

2410  f  PRINT  "SIGMA  R-",R6 

2411  GOSUB  2420 

2417  OISP  "END" 

2418  BEEP 

2419  END 

2420  ASSIGN-  1  TO  "0AT2" 

2430  PRINT-  1,L4  ;  F,M0<).M7,MS 
2440  ASSIGN-  1  TO  • 

2450  PRINT  "~ 

2460  RETURN 

2490  f  . 

2500  1  SUBROUTINE  TO  GET  LEAST  SQUARES  FIT  ( 1 /V)-(R/U>+(-D/V 
) 

2510  X1-0  *  SX 
2520  X2-0  *  SX'2 
2530  X3-0  !  SXY 
2540  Y1-0  r  SY 
2550  Y2-0  !  SY'Z 
2560  Y3-0  1  N 
2570  FOR  N-1  TO  Ml 
2580  X1-X1+B<N) 

2590  X2-X2^B<N)-8<N) 

2600  X3-X3+B<N)/V(N) 

2610  YT-YI*I/V<N) 

2620  Y2-Y2+1/(V<N)-y<N)) 

2630  Y3-Y3+1 
2640  NEXT  N 

2650  A-<Y3-X3-X1-Y1 )/(Y3-X2-X1-X1 > 

2660  B-<Y1-X2-X1-X3)/(Y3«X2-X1»X1 > 

2670  Q5-Y3-X3-X1-Y1 
2680  06-SQR<Y3-X2-X1 '2) 

2690  Q7-S0R<Y3-Y2-Y1-2) 

2700  R-05/(06-07) 


2710  PRINT  ••VO-<OOLTS)",I/fl 
2720  PRINT 
2730  PRINT  "R-",R 
2740  RETURN 

2750  !  . 

27GO  !  SUBROUTINE  TO  GET  TEMP 
2770  OUTPUT  709  :"D04,f 
2780  OUTPUT  722  ;"F4R1M6T1" 

2730  WRIT  5000 

2900  ENTER  722  ;  T3  *  TEMP  DEG  C 
2810  RETURN 

2820  !  . 

2830  ?  SUBROUTINE  TO  GET  PRESS 
2840  OUTPUT  709  :"DC4.t" 

2850  OUTPUT  709  :"DQ4.2" 

2880  OUTPUT  722  :'T1RlM0Tf 

2870  WAIT  5000 

2880  ENTER  722  ;  P  !  PRESS 

2890  P-1 OO-P+4. 2646  !  SCALE  +  CAL  MMHG 

2900  RETURN 

2910  !  . 

2920  !  SUBROUTINE  TO  GET  BIAS 
2930  OUTPUT  709  ;''DC4.1.2" 

2940  OUTPUT  709  : '‘004.3" 

2950  OUTPUT  722  !"nRlM0Tr' 

2960  WAIT  5000 

2970  ENTER  722  ;  El  !  BIAS  FOR  640 
2980  RETURN 

2990  !  .  PLOT  SUBROUTINE 

3000  GCLEAR  !  PLOT  1 /R  DATA 
3010  V-0  !  V  WILL  BE  MAX  UOLTAGE 
3020  FOR  N-1  TO  Ml 
3030  IF  U>U<N)  THEN  3050  ELSE  3040 
3040  U-V<N) 

3050  NEXT  N 

3060  Z-100000000000 

3070  FOR  N-1  TO  Ml 

3080  IF  Z<V<N)  THEN  3100  ELSE  3090 

3090  Z-V<N)  !  Z  HILL  BE  MIN  VOLT 

3100  NEXT  N 

3110  L1-ABS<B(M1)-B<1))/10 

3120  IF  B<1)<B<M1)  THEN  3140  ELSE  3130 

3130  PRINT  "PLOT  IS  BACKWARDS" 

3140  SCALE  B< 1 )-2-L1 .B<M1 >+2-L1 .Z-2-<V-Z)/5.V+<V-Z>/5 
3150  L1-ABS(B(Mn-B<  1  ))/10 
3160  XAXIS  Z.Ll ,B< 1 ) .B<M1 ) 

3170  TAXIS  B<1),(V-Z)/10.Z.V 
3180  MOVE  B<1 )+L1-5.Z+3-<V-Z)/10 
3190  LDIR  0 
3200  LABEL  "RANGE, CM" 

3210  MOVE  B<M1 )-5-L1 .V+<V-2)/10 


i 


LABEL  ••UMAX-",V 
PENUP 

MOVE  B<1),V<1) 
Vl*ABS(<V-Z)/30)/2 
H1-ABS<<B<M1)-B<1))/40>/2 
FOR  1-1  TO  Ml 
MOVE  B<I).V<I) 

IDRAM  HI ,0 
IDRAW  -<2»H1),0 
IDRAU  H1,Q 
IDRAU  O.VI 
IDRAH  0.-(2»Vl) 

NEXT  r 
LOIR  90 

FOR  X-B<n  TO  B<M1)  STEP  Lt 
MOVE  X.Z-2.5»<V-Z)/10 
LABEL  VAL$<INT<X)) 

NEXT  X 
LOIR  0 
RETURN 

f  . 

i  PREAMP  GAIN 
A<n-9.9436S 
A(2)-9. 99608 
A<3>-9. 99776 
A<4)-10. 00223 
A<5)-10.005t 
A<6)-10. 00272 
A(7)-10. 00388 
A<8)-10. 00242 
A<9)-I0. 00343  ? 

A<10)-10. 00181 
AdD-IO. 00178 
A(12)-9. 99894 
A<13)-9. 99823 
A<14)-9.99744 
A<1S)-9.997 
A<  16)-9. 99744  ?  77? 

A<f7)-g. 99681 
A(18)-9. 99361 
A(t9)-9. 99248 
A(20)-9. 99084 
A<21 >-9.9896 
A(22)-9. 98785 
A<23)-9. 98611 
A(24>-9. 98511 
A(25)-9.9841 1 
A(26)-9. 98311 
A<27>-9.983 
A(28)-9.9825 
A<29)-9.382 


t  ,  , 
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A(30)“9 
ft<31 >-9 
A<32)-9 
A<33)-9 
fl<34)-9 
A<3S)-9 
ft<36>-9 
A<37>-9 
RETURN 


,9815 

.98125 

.981 

.98075 

.9805 

.98025 

.98005 

.97995 


!  VOLTAGE  DIVISION  FOR  640 
C-C1 ♦ . 00 1 2485+ . 00003S329«e! *2 
B3*^C2/C+1 )  *^2 

B4-<l/<2*PI-F-R8-C-.OOOOOOOOOOOn>-'2 

IF  R1-3  THEN  G1-1/A<F9>  ELSE  G1-B5/A<F9) 

RETURN 

»  . 

OISP  "enter’ i-‘ERASETAPE'.2-6K  TAPE- 
INPUT  U7 

IF  U7-1  THEN  3800  ELSE  3870 

DISP  "ARE  U  CERTAIN  U  WANT  TO  ERASE  THE  TAPE??'??'? 
DISP  "1-YES, 2-NQ" 

INPUT  U7 

IF  U7-1  THEN  3840  ELSE  3870 
ERASETAPE  9  BEEP 
CREATE  "DAT1",32,480 
CREATE  "0AT2",31 .184 
RETURN 

!  SUBROUTINE  TO  SETUP  COEFFICIENTS  USED  TO  CALC  I 

A2<2)-. 0007352517 

A2<6)-. 0007374895 

A2<14)-. 0007321923 

A2<18)-. 0007241014 

A2<9)-. 0007159909 

B2(9)-. 00055091 

A2<8)-. 0007169636 

B2<8>-. 0003581818 

A2<1 1 >-.0007124636 

A2<10)-. 0007133881 

B2<1 1 >-.0002854545 

A2(12>-. 0007128545 

82(12>--. 000672727 

A2<23>-0 

B2(2>  — .000713636 
B2<6>-. 0001151515 
B2(  14)—.  0002686667 
B2< 18)-+. 0003575750 
B2<10)-. 0001727273 
B2<23)-0 
RETURN 


VARIABLE  DEFINITIONS  USED  IN  THE  PROGRAM 


"A"  coe^-ficient  obtained  using  the  least  square  error 
data  fit  to  C1/V3  plotted  vs  "r";  Cl/V(r)D  =  Cr/Vol  - 
CD/Vo3  ;  "A"  =  1/Vo,  "B"  =  D/Vo. 

-  Storage  array  for  the  previously  measured  preamplifier 
gam  as  a  function  of  mode  number,  (multiples  of  245H:: ) 

-  Not  used. 

-  Sample  count  during  an  individual  run.  Output  from  the 
optical  shaft  encoder  via  the  electronic  counter  and  tne 
HPIB. 

-  Not  used. 


o  I 


Temporary  storage  for  the  ratio  "B/A"  obtained  with  tr.e 
least  square  error  fit  to  the  measured  data. 

Storage  array  for  the  coefficients  used  to  calculate  tne 
source  current  II. 

The  "asked  for"  driving  voltage  in  millivolts. 

Variable  used  in  the  plotting  routine  equal  to  the  total 
distance  travelled  at  a  particular  calibration  point. 
Least  square  error  determined  ”Y"  intercept  as  described 
under  "A"  description.  Equal  to  D/Vo  where  "D"  is  the 
correction  to  the  measured  separation  applied  to  obtain 
the  acoustic  separation  and  Vo  i s  the  least  square  error 
voltage  when  the  separation  has  magnitude  of  one. 

Not  used. 


-  Ncc  used. 


-  Variable  used  in  the  voltage  division 
condenser  microphone. 

cal cul at  1  on 

tor 

r.he 

-  Variable  used  in  the  voltage  division 
condenser  microphone. 

cal cul ati on 

•f  or 

^.r■e 

-  Variable  used  in  the  voltage  division 
condenser  microphone. 

cal  cu  1  at  1  .-n 

r  or 

r.  r  = 

storage  array  for  the  coe+ficients  l.s 
source  current. 

-  PAR  ‘5204  scale  sensitivity  in  v.olts. 

ed  to  calc.t;! 

-  Storage  array  for  the  individual  run 
distance  travelled  oetween  individual 
measurements . 

d 1  stances . 

*i'he 

-  Variable  used  in  the  voltage  division 

cal cul at  1  on 

t  or 

t  “i  e 

condenser  microphone. 

The  program  value  of  the  W.E.S40AA  microphone  capacitance 
in  picofarads.  This  value  inclLdes  the  BNC  'eAtende'-" 
used  in  the  experiment. 

The  measured  system  capaci'arce  f.:r  tne  acoustic  sigciai 
input  iijr  tne  condenser  .mi-ropnore. 

rtie  starting  separation  d  istan.ee  Detween  tr^e  Tp.-arstr 
m .  c.'-op.hone  s  diapnragm  and  t.ne  t  ace  of  t.ne 
Tne  operator  .measured  ••■;.hecr.  ■  dir’ance. 


W  ' 


N 


The  -final  distance  the  operator  measures  and  -nter=  ; 
the  program.  (cm) 

Temporary  storage  for  one  sample  of  signal  .oi-ags. 
Thirty  such  readings  are  obtained  Defore  any  indiv'-ci. 
"data"  point  is  considerea  complete. 

Temporary  storage  for  the  signal  voltage  used  in  the 
calculation  of  Mo- 

Temporary  storage  array  used  prior  to  plotting  data. 
Sample  storage  for  bias  voltage. 

Array  storage  for  values  of  bias  voltage. 

Temporary  storage  array  used  prior  to  plotting  data. 
The  mode  number  (multiple  of  245  Hz)  desired  for  a 
particular  experimental  run.  Program  modified  to  be 
actual  frequency  of  the  former  mode  number. 

Temporary  storage  for  "F",  the  mode  number  (multiple 
245  Hz)  desired  for  a  particular  experimental  run. 
Numerical  value  obtained  by  subroutine  calculation  fc 
magnitude  of  the  voltage  division  transfer  function  i 
the  condenser  micropnone  input  circuit. 

Variable  used  in  the  plotting  routine. 

A  counter  used  in  the  plotting  routine. 

Computer  calculated  value  of  driving  current  used  in 
calculation  of  Mo. 

A  counter  used  in  the  statistical  analysis  of  Mo. 

The  operator  entered  "record  numrer"  used  to  identit-, 
where  on  the  magnetic  tape  storage  is  desired. 

The  total  distance  between  the  beginning  positico  an; 
end  for  a  particular  data  run.  cm) 

One  tenth  the  tctal  distance  travelled  in  a  particuie 
calibration  run. 

Used  in  the  statistical  analysis  of  Mo:  tt.e  sum  ot  tl 
squares  of  individual  values  of  Mo. 

A  1 QUO ter. 

Used  m  the  statistical  analysis  o-f  Mo:  Sv.  o  z- 

individual  values  ot-  Mo. 

Tne  number  of  "different  separation."  calibration 
measurements  desired.  Normally  set  at  20. 

’"emporary  storage  for  the  open  circuit  /oitage  .-^ecei. 
sensitivity  calculated  in  vol t s/pasca i s . 

Sigma  for  "M7"  over  the  sequence  ot  cai  i  brat  i  ons  a-, 
particular  trequency. 

Array  storage  for  the  individual  valties  of  "M7". 

A  counter  for  Do  loops. 

Array  storage  for  the  final  value  of  the  atmospne-' i  c 
pr  essLir  s  used  in  a  particular  caiiorati  on  c  a  I  cu  i  a  t  i 
Sample  value  for  a  t.t.ospher  i  c  pre'=  =  uro. 

Teiipr  r  ary  -eriable  i.sed  in  least  siquar'e  error  r  :j'-.  ' 

Temporary  v.rr-.aCle  ..ised  v  n  lecst  =y-ic-re  err,_r  suC;'  ^  ' 

Temporary  variable  used  in  least  s.qi  are  e  'r,cr  svibr  z-  t 

The  parallel  crn.mb  i  r.  at  i  or  n+  t  ■- e  irp..,’-,  ,-es at  ,  e  ■ 

I  ttiaco  '.2'M  p.' e  amp  1  i  t  i  er  (  '■  :  .  MpQ!,ir,ma  •  ■r'.'id  I  h.-  r,  ;  - 


lO  -0 


?5C3 


^9 


n 


?6c:  - 


n 

ric  3 


r3 

r 

r2 


-•n 

JB 

/■3Z  ] 
}  { 

.‘\Z1 

il 

nzz 

lb 


/2 

id 


blocking  resistor 
Storage  array  for 
"Vratio"  obtained 


(~10  Megohms) . 

the  previously  measured  values  of 


?9C3  - 


square 


three 
for  the 


of 


Mo. 
time  in 


mi  1 1 1  sec . 


for  640R/633R. 

Used  in  the  statistical  analysis  of  Mo. 

Temporary  storage  for  the  average  value  of  the  current 
measuring  resistor. 

Storage  array  for  the  beginning  and  ending  values  of 
4-wire  resistance  measurements  obtained  for  the  current 
measuring  resistor. 

The  linear  correlation  coefficient  for  the  least 
error  data  fit  of  Cl/V(r)D  plotted  vs  range,  r. 

Originally  used  to  distinguish  which  part  of  the 
way  reciprocity  calibration  was  in  use.  Set  =  1 
comparison  cal i brati ons. 

Not  used. 

Not  used. 

Storage  array  for  the  previously  measured  values 
"Vratio"  obtained  for  640R/6B8R. 

Used  in  the  statistical  analysis  of 
The  interval  of  drive  motor  "on' 

Array  storage  for  the  average  temperature  observed  during 
a  particular  data  run. 

Storage  for  temperature  obtained  before  a  data  run. 
Accumulator  for  total  count  from  optical  shaft  encoder. 
PAR  5204  time  constant,  entered  in  seconds  with  program 
conversion  to  mi  1 1 i seconds. 

Operator  entered  cue;  i f  U7  =  1 ,  the  magnetic  tape  is 
erased.  Otherwise  it  is  not  era'r.ed. 

Variable  used  in  the  plotting  routine.  The  max  signal 
voltage  measured  in  a  particular  data  run. 

Variable  used  in  the  plotting  routine. 

Not  used. 

Not  used. 

A  variable  used  in  the  plotting  routine. 

Not  used. 

Not  used. 

Not  used. 

Temporary  variable  used  to  store 
regression  analysis. 

Temporary  storage  for  the  "asked 
mi  1 1 i volts. 

Operator  entered  voltage  drop  across 
measuring  resistor. 

Variable  used  in  the  plotting  routine. 


1/A"  from  the  i i near 


tar 


'  driving  voltage 
the  current 


A  counter . 
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m 


1  *  a 


« 


1 

i 

Used  in  the 

stat  1 

sties  calculations 

for 

the  least  squa.  -r- 

r—T — ;«•  '  t 

fit  of  data 

to  a 

1 /r  plot. 

The  suiTi 

of 

X  v' d  i  U  ^  • 

■S*  ^ 

Used  in  the 

stat  1 

sties  cal 

Li  i  1 1  o  n  5 

for 

t  t*:  G*  1  5  el  3  t  “  (  icr  r  r‘  h 

fit  of  data 

to  a 

<  /  —  ^  1  4. 

*  '  *  fc.  1  1,*  V  • 

•  *  •  rr  . 

jf 

r  f.r  C  ==. . 

Used  m  the 

5  C  ^  i 

t.  1  *  -  L.  i 

T  L  i  cn  t  *  u  ■  •  3 

'  jr 

L  ;  1  G  i  T?  rf  L  -  ^  -r  - 

fit  of  -i  A 

to  a 

1 /r  pi ot . 

The  5^.  n 

:>  f 

B  U  ci  r  S  C  ^  d  -  . 

_ _s 

N.*  *• 


Used  in  the  statistics  calculations  +or  the  least 
fit  of  data  to  a  1/r  plot.  The  sum  of  Y  yalu~=.  • 

Used  in  the  statistics  calculations  for  the  least  squar-es 
fit  of  data  to  a  1/r  plot-  The  counter. 

Used  in  the  statistics  calculations  for  the  least  squares 
fit  of  data  to  a  1/r  plot.  The  sum  of  Y  squared  values. 
Operator  entered  decision  variable;  if  =  1,  then  data  ruri 
must  be  redone. 

Temporary  variable  used  in  the  calculation  of  Mo, 
Temporary  variable  used  in  the  calculation  of  t*lo. 

Variable  used  in  the  plotting  routine.  Equal  to  the 
minimum  signal  voltage  measured  in  a  particular  cata  r;.r.. 


APPENDIX  E 


THE  D.C.  BLOCKING  CAPACITOR  CORRECTION 

Calculation  ai  the  signal  loss  due  to  the  D.C.  blocking 
capacitor  Cc  shown  below  and  in  figure  3.3,  was  accomplished 
by  comparing  two  different  numerical  solutions  for  the  ratio 
Cel/Vinl.  These  solutions  were  obtained  for  the  two 
different  circuits  using  circuit  analysis  software.  The 
first  numerical  solution  used  a  homegrown  circuits  solution 
on  the  HP-15C  hand  held  calculator  using  the  complex  mode. 
The  significance  of  the  complex  mode  on  this  particular  hand 
held  calculator  is  that  complex  numberr  can  be  direct!/ 
employed  in  the  impedance  calculations.  The  second  solution 
was  obtained  on  an  IBM  XT  mi croprocessor  using  the  "Pspice" 
circuit  analysis  software  made  available  by  the  Electrical 
Engineering  Department  at  the  United  States  Naval  Academy. 
Both  solutions  were  in  suDstantial  agreement  with  an  average 
discrepancy  of. 001  dB.  The  input  circuit  for  the  acoustic 
signal  is  shown  below: 


Microphone 


Bias  Pox 


Signal  preamplifier 


Figure  E.  1  Ihe_ingut_circui_t_f gr_the_acgu5t i_c 

For  toiTipari3on  purposes,  the  first  circuit  analysis  neglects 
both  Cc  and  Cb .  In  the  second  analysis  both  o-f  these 
uFarad  capacitors  are  included. 

The  first  solution  for  the  signal  voltage  el'  is  given 
as  a  function  of  the  "observed"  voltage,  Vin,  using  the 
signal  transfer  obtained  for  the  circuit  shown  aoove 
neglecting  Cc  and  Ct  .  This  analysis  para.lels  the  sclut  'P. 
used  in  the  compi,  ter  program.  In  tne  second  c  ompur  a  t  ;  c  •  . 


li  ^ 


both  Cc  and  Cb  are  included  and  the  signal  voltage  is  given 
by  el 

The  correction  to  the  program  solution  for  Mo  is  given 
belOM  in  equation  E. 1 


Mo  aue  i  ei 


Equation  E. 1 


If  we  define  individual  impedance  terms  as  follows* 

Zffl  -  microphone  impedance,  1/jwCm 

Zc  -  coupling  capacitor  impedance,  1/jwCc 

Z1  -  load  impedance  consisting  of  Ci ,  Clo,  and  Ri . 

Zb  -  bias  impedance  consisting  of  Rb,  Cb,  and  Cli. 

Z1 modified  load  impedance  consisting  of  Ri ,  Rb,  Ci ,  Clo, 
and  Cli. 

Zt  -  (Z1  Zc)  in  parallel  with  Zb. 


Then  the  correction  may  be  rewritten  as: 


doC/lgcTl^w  TO 

iHo  dttt 


ID  DOJ 


(4*1?) 


Equation  E.2 


This  correction  is  solved  numerically  with  the  program 
listed  in  table  E.l. 
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Register  usage 


Program  Listing 
•for  HP-15c  hand-held 
suienti-fic  calculator 


register 

Variable  -  number 


(read  top  to 

bottom. 

left  to 

right) 

Ct  (140pF)  - 

.0 

F  LBL  B 

RCL  .3 

+ 

STO  I 

*Wo 

.2 

RCL  .2 

FCI3 

FCI3 

R/S 

Cb  (.014uF)- 

.3 

X 

1/X 

0 

GSB  2 

Rb  (lOMohm)- 

.4 

STO  0 

+ 

RCL  .9 

RCL  I 

Clo+Ci(40pF)  - 

.5 

RCL  0 

0 

FCI3 

g  CF  8 

Cc  (.014uF)- 

.6 

STO  X  .0 

RCL  .5 

X 

g  RTN 

Cli<100pF)  - 

.7 

RCL  0 

FLU 

STO  5 

F  LBL  1 

Ri  (lOMohm)- 

.8 

STO  X  .5 

+ 

RE:  IM 

RCL  0 

Cm  (50pF)  - 

.9 

RCL  0 

0 

STO  6 

X 

w  (mode-ttWo)- 

0 

STO  X  .7 

RCL  .9 

1 

CHS 

re{Zm/Zt> 

1 

RCL  .3 

Fcn 

RCL  1 

1/X 

imfZm/ZtJ 

2 

6SB  1 

X 

+ 

g  RTN 

refZc/Zl> 

3 

STO  .3 

STO  1 

RCL  2 

F  LBL  2 

imfZc/ZlJ 

4 

RCL  .6 

RE:  IM 

FCI3 

RCL  0 

ro{Zm/Zl'> 

5 

GSB  1 

STO  2 

1 

STO  /  . 

im<:Zm/Zl'> 

6 

STO  .6 

RCL  .8 

RCL  3 

RCL  0 

Ri*Rb/<Ri+Rb)- 

9 

RCL  .9 

1/X 

+ 

STO  /  .1 

GSB  1 

RCL  .7 

RCL  4 

RCL  0 

STO  .9 

Fcn 

Fcn 

STO  /  . 

*  Wo  *  245*pi*2 

■  RCL  . 8 

0 

X 

RCL  .3 

1539.3804 

1/X 

RCL  .& 

1 

GSB  1 

RCL  .7 

FCI3 

RCL  5 

STO  .3 

FCI3 

X 

+ 

RCL  .6 

1/X 

STO  3 

RCL  6 

GSB  1 

0 

RE;  IM 

FCI3 

STO  .6 

RCL  .6 

STO  4 

/ 

RCL  .9 

FCIl 

RCL  9 

R/S 

GSB  1 

+ 

1/X 

RE;  IM 

STO  .9 

1/X 

RCL  .5 

R/S 

g  RTN 

RCL  .4 

RCL  .7 

g  ABS 

**  program  instructions  are  described  in  the  HP-15C  owners 
handbook.  The  entering  argument  in  the  “x"  register  is  the  mode 
number  o-f  the  longitudinal  resonance  desired.  The  output  gives: 
the  real  component,  the  imaginary  component,  and  finally  the 
magnitude.  From  the  magnitude,  the  correction  in  dB  is  obtained. 


A  comparison  o-f  ths  correction  obtained  using  the  above 
program  was  made  with  a  numerical  solution  obtained  using 


the  IBM  XT  microprocessor  and  the  "Pspice"  circuit  analysis 
software  made  available  by  the  Electrical  Engineering 
Department  at  the  United  States  Naval  Academy.  The  parameter 
variables  were  the  same  as  listed  in  table  E. 1  with  the 
exception  that  Cc  and  Cb  were  given  values  of  .01  uF  for 
simplicity.  The  tabulated  comparison  of  results  is  given  in 
table  E.2. 


Mode  #  -  HP- 15c  corr  -  IBM— XT  corr  -  discrepancy 
solution (dB)  solution (dB)  (dB) 


1 

.054 

.056 

-.002 

2 

.045 

.045 

0 

3 

.043 

.044 

-.001 

4 

.042 

.044 

-.002 

5 

.042 

.044 

-.002 

6 

.042 

.043 

-.001 

7 

.041 

.040 

+  .001 

8 

.041 

.040 

+  .001 

9 

.041 

.040 

+  .001 

10 

.041 

.040 

+  .001 

******** 

no  further 

change  through 

mode  #23  *■*■»■»***■»*■» 

Table  E.2  Comparison  calculations  between  the 
HP-15c_and_ttie_lBM-XT_witf2_Cb_and_Cc_;_i01uFi 

A  plot  of  the  proper  correction  is  shown  in  figure  E.2. 
The  correction  due  to  the  temporary  neglect  of  Cc  in  the 
analytical  solution  for  Cel/Vinl  is  constant  to  within  a 


value  less  than  .01  dB. 


APPENDIX  F 

THE  OPEN  CIRCUIT  VOLTAGE  SENSITIVITY 
CALIBRATION  OBTAINED  FROM  OBSERVING  A 
CHANGE  IN  MICROPHONE  CAPACITANCE  WITH  A 
CHANGE  IN  BIAS  VOLTAGE 

Whan  tha  racaivad  aignal  voltaga  ‘from  a  condanaar 
fflicrophona  is  simulatad  by  a  small  changa  in  tha  bias 
voltaga  and  whan  tha  dafinition  of  tha  microphona  opan 
circuit  voltaga  sansitivity  is  considarad, 

Hp  =  eft'  Equ.tioo  F.l 


Next,  tha  force  on  a  parallel  plate  capacitor  due  to  the 
charge  on  the  plates  is  given  by  CRef.  361: 


Equation  F.2 


The  electrostatic  pressure  is  simply  the  force  divided  by 
the  effective  backplate  area.  This  electrostatic  pressure 


is  uBsd  to  simulate  ths  acoustic  pressure 


A 


Equation  F.3 


The  electrostatic  pressure  shown  here  only  acts  on  a  small 
portion  o-f  the  microphone  diaphragm;  where  the  charge  is 
concentrated  opposite  the  backplate.  Since  it  is  an 
acoustic  pressure  that  is  being  simulated,  an  interpretation 
o-f  the  “area"  in  the  above  equation  is  necessary.  I-f  the 
electrostatic  pressure  were  applied  equally  to  the  entire 
diaphragm,  this  would  be  a  proper  simulation  o-f  the  acoustic 
pressure.  Since  the  electrostatic  pressure  is  only  applied 
to  a  portion  o-f  the  diaphragm,  the  use  o-f  the  diaphragm  area 
in  the  above  equation  results  in  a  low  estimate  for  the 
simulated  acoustic  pressure.  Similarly,  since  the  acoustic 
pressure  is  actually  applied  to  an  area  greater  than  the 
backplate  area,  use  of  the  backplate  area  in  the  above 
equation  results  in  a  high  estimate  for  the  simulated 
acoustic  pressure.  As  an  initial  estimate,  the  average  of 
the  two  areas  is  used  with  the  appropriate  uncertainty  to 
simulate  the  acoustic  pressure. 

When  the  definition  of  capacitance  as  C=Q/V  is 


substituted  into  equation  F.3,  we  obtain. 


derivative  ot  C  with  respect  to  the  square  ot  the  bias 
voltage.  Thus,  the  magnitude  o-f  the  open  circuit  voltage 
receiving  sensitivity  -for  a  condenser  microphone  is  given  by 
combining  equation  F.l,  aquation  F.5,  the  experimental 
slope,  and  equation  F.7. 


'0 


fcxfient»*4MkL. 

'I  iHCASurcfc 


Equation  F.8 


The  fractional  uncertainty  in  this  sensitivity  will  be: 


VO  J  I  Cp  /  1  SLbf^J  I  I  Equation  F. 


Table  F.l,  shown  below,  gives  the  computer  program  used  to 
evaluate  the  above  equation. 


••e' 


Register  usag* 


HP-lSc  scianti-fic  hand-h«ld 
calculator  program  * 


.0  -  Vo  (200volts) 

F  LBL  A 

X 

g 

LOG 

. 1  -  Co  ♦* 

RCL  .1 

RCL  .2 

2 

.2  -  Eo  (8.B5E-12F/M) 

3 

X 

0 

.3  -  Ae  -»-*-» 

y'^x 

RCL  .3 

X 

.  4  -dC/dV'^2  ** 

1/X 

g  X''2 

2 

RCL  .0 

X 

0 

X 

RCL  .4 

- 

2 

X 

g 

RTN 

*  Program  instructions  arm  dsscribsd  in  ths  HP-15c  owners 
handbook. 


*«  The  W.E.640AA  microphones  had  the  -following  basic 

capacitances  (excluding  the  BNC  connectors)  and  measured 
values  o-f  CdC/dV''2]  (see  equations  3.17): 


Mic.  "Co"  w/o  extender 


CdC/dV'^23  sigma  Cl 


Serial  #1082 
Serial  #1248 
Serial  #815 


-  49.37  Pf 

-  49.41  Pf 

-  46.48  Pf 


2.47E-17  1.2E-18 
3.66E-17  1.6E-18 
5.92E-17  8.2E-19 


«««  Ae  is  the  e-ffective  area  estimated  by  obtaining  the  average 
o-f  the  backplate  area  and  the  diaphragm  area.  The 
average  -fractional  uncertainties  in  ths  above  variables  are: 
Ae  '^.38,  slops  .04,  Co  <.01,  Vo  assumed  exact. 


Table  F .  1  HPrlSc  program  -for  Wo  calculation 


The  values  o-f  Mo  that  result  from  the  above  equation 

are: 


W.E.640AA  CdC/dV''2]  Mo  245  Hz  Mo 

[figure  5.83 

Serial  #1082  -  -55<  -50  <-45  dB  -49.5  dB 

Serial  #1248  -  -52<  -47  <-42  dB  -48.6  dB 

Serial  #815  -46<  -41  <-36  dB  '  -45.7  dB 


APPENDIX  G 


A  PRINTOUT  OF  RAW  DATA 
FOR  THE  PLANE  WAVE  RESONANT 
RECIPROCITY  CALIBRATION  IN 
BOTH  A  LONG  AND  A  SHORT  TUBE 


After  data  acquisition,  the  computer  program  listed  in 
appendix  B  stored  data  on  a  magnetic  tape.  The  data  so 
stored  is  printed  in  this  appendix  without  consideration  of 
significant  figures. 

The  format  used  in  the  different  data  sets  is  given  below: 


L7 

Ml 

M2 

M3 

M4 

M5 

M6 

P5C1  ,n: 

P5C2,N3 
T5C1 ,N3 
T5C2,n: 
C 
C 

A2 

VlCl  ,N3 
VI C2,N3 
G9C 1 ,N3 
G9C2,N3 
VC  1 ,N] 
V[2,N3 


-  The  mode  number  of  the  longitudinal  resonance. 

-  Reciprocity  calibration  for  the  side  A  microphone 
CV/pa>, 

-  Reciprocity  calibration  for  the  side  B  microphone 
<V/pa>. 

-  Comparison  calibration  of  "C"  microphone  based  upon  Ml 
CV/pa} . 

-  Comparison  calibration  of  "C"  microphone  based  upon  M2 
CV/pa> , 

-  Comparison  calibration  of  the  side  A  microphone  based 
upon  M2  CV/pa). 

-  Comparison  calibration  of  the  side  B  microphone  cased 
upon  Ml  {V/pa>. 

-  Atmospheric  pressure  <pa>  for  midtime  of  side  A  data. 

-  Atmospheric  pressure  €pa>  for  midtime  of  side  B  data. 

-  Temperature  <deg  CJ  for  midtime  of  side  A  data. 

-  Temperature  Cdeg  C>  for  midtime  of  side  B  data. 

-  (long  tube  data>  System  identifier  used  in  program. 

-  Cshort  tube  data}  A  side  bias  voltage  CVolts}. 

-  Drive  voltage  in  RMS  millivolts. 

-  Comparison  voltage,  Vca  CVolts}. 

-  Comparison  voltage,  Vcb  <Volts}. 

-  Calculated  effective  gamma  at  midtime  of  A  side  data. 

-  Calculated  effective  gamma  at  midtime  of  B  side  data. 

-  Ravined  signal  voltage,  A  side  receive  {RMS  Volts). 

-  Ravined  signal  voltage,  8  side  receive  CRMS  Volts). 


QCl ,N] 

QC2,N] 

F2C1 ,N] 

F2C2,N3 

Cl 

Cl 


Ravined  quality  -factor,  A  side  receive. 

Ravined  quality  -factor,  B  side  receive. 

Ravined  resonant  frequency  fhzl,  A  side  receive. 
Ravined  resonant  frequency  Chzl,  B  side  receive, 
^long  tube  data>  System  identifier  used  in  program 
Cshort  tube  datal  B  side  bias  voltage  CVoltsl. 


The  data  that  folloM  are  grouped 
first  five  sets  list  "long  tube  data" 
"short  tube  data".  At  the  beginning 
following  library  data  is  provided: 


in  seven  sets.  The 
and  the  last  two  list 
of  each  data  set ,  the 


CNAME  OF  STORAGE  TAPE]  C ARRAY  LOCATION  ON  TAPE] 
CLONQ  OR  SHORT  TUBE]  CMODE  NUMBERS  OF  DATA  IN  SET] 
CSERIAL  #  OF  SIDE  A  MIC]  CSERIAL  #  OF  SIDE  B  MIC] 
*CSIDE  A  BIAS  VOLTAGE}  fSIGMA  SIDE  A  BIAS  VOLTAGE} 
*{SIDE  B  BIAS  VOLTAGE}  CSIGMA  SIDE  B  BIAS  VOLTAGE} 


-*  This  format  is  included  only  for  the  long  tube  data. 


2  MAY  DATA  TAPE,  ARRAY  STORAGE  1  to  23 

LONG  TUBE  MODES  1  TO  23 

A  SIDE  =815  w/ET  ,  B  SIDE  =  1248 

A  SIDE  BIAS  =  116.334  VOLTS.  SIGMA  =  .001  VOLTS 

B  SIDE  BIAS  =  118.464  VOLTS,  SIGMA  =  .007  VOLTS 


33577373337E-2 
13248933072E-2 
.  94898356556E-3 
94775872626E-3 
3353017S137E-2 
13231794138E-2 
21  >=  100083.387675 
21  >=  100080.387774 
21  >=  21 . 377 
21  >=  21  8625 


07293552 

)=  1 . 44933055556E-3 
>=  1 . 146538S8889E-3 
)=  1.39735156029 
.•'=  1 . 39735203145 
>=  3. 8388806692E-3 
1=  4 .09018927983E-3 
>=  97  9008984344 
'=  97.9264520258 
>=  734.073086471 
:■=  734.01667125 


84040902187E-2 
:  1778958768E-2 
341371 1 1396E-3 
34252404945E-3 
84085509773E-2 
1  1745704879E-2 
22  >=  100068.183175 
22  >=  100068  521497 
22  :>=  21.8285 
22  >=  21.8225 


>986279 

=  1  .  18949638839E-3 
=  9.29853611111E-4 
=  1.39633713741 
=  1 .39638763786 
3  4308407436E-3 
3 . 59764483367E-3 
78  95576732 1 3 
78  9377946821 
=  490  255304347 
=  490.299979984 


023513020669 
2  10292166736E-2 
5 . 74530023414E-3 
5  73084879508E-3 
028446237375 
021082245399 
.  23  >=  100028.139491 

.  23  :■=  100022  52301  1 

.  23  '■=  21  779 

23  >=  21  .  7735 


>0583 

'  25259444444E-4 
5 . 6908777777SE-4 
I  39413845558 
I  . 39413796276 
66132270293E-3 
82478832223E-3 
; .  1917484365 
?  4970851541 
:43 . 865338871 
142 . 817485753 


2 . 39173S97399E-2 
2 . 15715403913E-2 
9.20913244316E-3 
9.20627313686E-3 
2 . 39079944909E-2 
2 . 15760141654E-2 

>  17  )=  100095.38723 

>  17  )=  100089.920793 
..  17  >=  22.0965 

.  17  >=  22.085 


U1 

,  17  > 

1<2 

..  17  > 

9(1 

,  17  > 

9(2 

..17) 

<1.. 

17  )  = 

<2, 

17  >  = 

!<  1  .• 

17  )  = 

<2. 

17  >  = 

>3 .31523138 


>=  1 . 39884317379 
)=  1 .39884363516 
=  3. 93612196978E-3 
=  4 . 02334948033E-3 
=  124.007903055 
=  124.061526956 
)=  1717.92839615 
>=  1717.86535535 


38917579399E-2 

13067761447E-2 

73809776344E-3 

73738972942E-3 

38894169371E-2 

13085027384E-2 

13  >=  100120.1198 

13  >=  100123.853011 

13  >=  22.048 

13  )=  22.0335 


;  . 3501 1736357E-2 
021424296476 
?  56303064812E-3 
56617734289E-3 
,  84943441254E-2 
. 14290554553E-2 

>  19  )=  100094.653971 
19  >=  100098  137138 

>  19  >=  21 . 986 
19  :-=  21.977 


2420 . 30701372 
..  13  )=  1 . 57981 388889E-3 

,  13  :•=  1 . 22537222222E-3 
,  18  )=  1 . 39361713723 
,  13  >=  1  39861732378 
18  )=  3. 8524939282E-3 
18  .)=  4 . 05158635785E-3 
18  >=  117.480419287 
13  )=  117.498178043 
,  IS  >=  1471 . 7617945 
,  18  :■=  1471.80133572 


2514 . 36063706 
,  19  >=  .00153615 

,  19  )=  1 . 21258055556E-: 
,  19  :>=  1.39832609872 
..  19  )=  1.39832640124 

19  >=  3  8419623322E-3 
19  >=•  4  03357186297E-3 
19  >=  113.709070321 
19  )=  113.749015418 
..  19  :•=  1225.52203759 

..  19  >=  1225 . 45161399 


L7=  4 
rH=  2 
M2=  2 
M3=  8 
M4=  8 
M5=  2 
M6=  2 
P5-:  1  , 
P5<2, 
TS-;  1  , 
T5':  2  . 
r  =  2 


35575910307E-2 
125029381 19E-2 
19332377736E-3 
19398399S36E-3 
3559S921786E-2 
12485816182E-2 
20  >=  100089  920793 
20  '•=  100084.787629 
20  '■=  21  .  927 
20  '=  21.918 


:339697 

I  48949722222E-3 
1 . 1 6455333333E-3 
1 . 39793209953 
1  39793257259 

3  36286495644E-3 

4  05901667387E-3 
106 . 09713413 

106  089726407 
=  980 . 128501S44 
:  980 . 168080589 


3' 


f'J  C'J  •  OJ  OJ  '  f  J  OJ  »-<  C  J  I  J  ^  .  cr»  'M  OJ  (7|  (71  O  J  (’.J  -  '  ■  CO  OJ  f  j  CTi  a-i  IM  (\J 


1  1 

9<5731998474E-2 
.20105596773E-2 
. 0926996067aE-2 
01092486924 
.96674242632E-2 
. 20148446412E-2 
13  )=  100114.253326 
13  >=  100106.986899 
13  )=  21 . 984 
13  '■=  21 . 988 


R2=  1440.89162153 
V1<1.  13  >=  1 . 9071 1 1 1 1 1 1 lE-3 
yi<2.  13  >=  .001483875 
G9a..  13  >=  1.3994235428 
G9<2..  13  >=  1.39942338225 
y<;i..  13  >=  3 . 3422961 41 04E-3 
KH  Z,  13  >=  4 . 02959048857E-3 
Q<1>  13  )=  185.385432342 

Q<2,  13  )=  135.473935026 
F2<1,  13  >=  2701.12073709 
F2(2,  13  >=  2701.16197878 

Cl=  2 


0 

. 96292218898E-2 
17399490607E-2 
. 02680157664E-2 
.02675524251E-2 
.  96278848796E-2 
.  17409301 138E-2 
14  >=  100076 . 187912 
14  >=  100079.121149 
14  )=  22.033 
14  >=  22.0345 


fl2=  1680 . 01385241 
yiCl.  14  >=  1 . 30147777778E-3 
yi(2..  14  >=  1  .  39241  1  1 1 1  1  lE-3 

G9<1,  14  >=  1.39931023153 

69(2..  14  >=  1.39931019348 

U<1,  14  >=  3  81434966206E-3 
y<2.  14  >=  4 . 01791920772E-3 
Q< 1,  14  )=  160 . 14219529 
Q<2..  14  )=  160 . 1558398 

F2<1,  14  )=  2454.59613366 

F2<2..  14  >=  2454.65560873 
Cl=  2 


93010479305E-2 

19265528434E-2 

94252570353E-3 

94815796177E-3 

93176464714E-2 

19141389022E-2 

15  >=  100107.786372 

15  >=  100102  587043 

15  '■=  22.047 

15  ■=  22.07 


R2=  1775.46321055 
'..'1<1..  15  >=  1 . 74693055556E-3 

yi<2,  15  >=  1 . 3694861 1 1 1 lE-3 
G9<;i,  15  >=  1.39913144366 

G9(2,  15  >=  1.3991804244 

^■'<1.-  15  >=  3 . 85037765747E-3 

y'.2,  15  .>=  4  035934070 14E-3 

Q<1.  15  >=  153.420535912 

Q<2,  15  >=  153.255761567 

F2a.  15  )=  2209  92319076 
F2<2..  15  >=  2209.94009724 

01=  2 


93550235021E-2 
15725106156E-2 
43700194776E-3 
43518157294E-3 
93493659331E-2 
15766727035E-2 
.  16  •=  100119.736473 

.  16  :'=  100105  186953 

•  16  ) =  22 . 1255 

.  16  )=  22  1235 


fl2=  2033.3 

1  V  1  .  16  :■ 

yi(2,  16  > 
G9(;i  ..  16  > 

G9-:2..  16  ;• 
Vd  .  16  >  = 

yc2.  16  >= 

Q ( 1  .  16  ^  = 

Q  i.  2  .  16  .>  = 

F  2  1  .  16  '■ 


134057 

1  66S90277773E-3 
1 . 29143611 1 1 lE-3 
1  39902595384 
1  39902609303 
331 576365 1 37E-3 
4 . 01718088649E-3 
134 . 255157767 
1 34 , 33 1 062269 
1964  3358954 
1964 . 40199164 


15 

3 . 02223122172E-2 
2  21300555033E-2 
1 . 31237708052E-2 
1 . 31 179550475E-2 
. 030203919295 
2 . 21398667203E-2 
1>  9  >=  100075.387938 
2>  9  )=  100031.254412 
1 .  9  >=  21 . 3205 
9  )=  21 . 824 


14 

3 . 0200409495 lE-2 
2  20504051353E-2 
1 . 25304079626E-2 

1  2577S517109E-2 
3 . 01942729813E-2 

2  2054S865352E-2 

.  10  >=  100090.920761 

.  ici  >=  100092.987359 
,  10  >=  21 . 3255 

.  10  ;•=  21 . 3335 


2  99543494721E-2 
2. 21801 1 10171 E-2 

1  20257920324E-2 
1 . 20242964513E-2 

2  9951 1240239E-2 
2 .218236936998-2 

.  11  >=  100103.253638 

11  :■=  100100 . 3371  16 

,  11  ''=21  395 

,  11  ;■=  21.9135 


12 

3 . 002.456305S6E-2 
2 . 19348349734E-2 
1  13759273296E-2 
1 . 13735946377E-2 
3  00184050497E-2 
2 . 19393347149E-2 
1.  12  '■=  1001  15.986603 

12  ’  =  1001  14  586649 

I  .  12  ■=  21  9655 

^  .  12  -’  =  21.  959 


82=  i: 

201  .  ! 

B 15093 16 

V 1  <;  1  / 

9  > 

=  2 . 29795555556E-3 

y  1  ( 2 . 

9  ) 

=  .001766125 

G9<  1  / 

9  ) 

=  1 . 39975669961 

G9<.2> 

9  ) 

=  1.39975654545 

y  <  1 , 

9  )  = 

3 . 37666246879E-3 

y<.2. 

9  >  = 

4 . 06715279907E-3 

Oil. 

9  >  = 

213 . 966475391 

0(2. 

9  )  = 

219 . 147905622 

F2(  1. 

9  > 

=  3683.5047349 

F2(2. 

9  > 

=  3683.50570893 

Cl=  2 

fi2=  1 

249 

62437442 

y  1(1.- 

10 

>=  2 . 20627222222E-3 

y  1  <  2 . 

10 

>=  1  69646944444E-3 

I";  o  <  1  . 

10 

>=  1 . 39963825088 

G9(  2  .• 

10 

,•■=  1.39968790535 

(  1  . 

1  0  > 

=  3 . 36734623137E-3 

y(2. 

10  ) 

=  4 . 07252865491E-3 

Q  (■  1 .. 

10  ) 

=  211. 050445008 

Q(.2.. 

10  > 

=  211. 133499315 

F2(  1> 

10 

>=  3437.8572222 

F2<2.. 

10 

:■=  3437.88274335 

Cl=  2 

> 

82=  1 

49134268 

y  1(1. 

1  1 

=  2  07049166667E-3 

y  1(2. 

1  1 

>=  001608125 

G9(  1  ■ 

1  1 

>=  1  39960917622 

G9(2. 

1  1 

'■=  1 . 399608391  15 

1  , 

1  1  ) 

'=  3  81924507706E-3 

y(2. 

1  1  > 

=  4  00565234931E-3 

Q'  1  . 

1  1  ^ 

'=  204  966312997 

0(2  . 

1  1  ^ 

=  205  03003518 

F2(  1  . 

1  1 

■'  =  3  1  92 . 03220346 

F  2  (  2  ^ 

1  1 

'•=  3192.13719912 

61=  2 

Fl2=  1 

.  369 

16474919 

1(1. 

.  12 

.>  =  2 . 00508055556E-3 

01(2' 

.  12 

;■=  1  .  54249722222E-3 

G9(  1 

.  12 

'•=  1  .  399521  19947 

G9(2 

.  12 

■=  1.39952150226 

y  (.  1 . 

12  . 

>=  3  86694906101E-3 

V  2  . 

12  ; 

>=  4  071 12332376E-3 

0(  1  • 

12  : 

.'=  194.702127762 

0 1.  2 . 

12  : 

)=  i?4  787222018 

F2'.  1 

.  12 

>=  2947  45346339 

F 

.  1  ? 

■,  =  '?q47  49162057 

T5f  1 , 


! . 01641979712E-2 
i.20735532868E-2 
012813051034 
.  .  27940493205E-2 
;.01194657396E-2 
:  .21063410568E-2 
5  >=  100129.852813 
5  >=  100128.519524 
5  >=  21 . 127 
5  -■>=  21 . 1595 


02559023602E-2 
22333921491E-2 
.  34360333982E-2 
34298493532E-2 
02419757066E-2 
22436307907E-2 
6  )=  100129.052839 
6  )=  100120.786445 
6  >=  21 . 283 
6  ) =  21.3115 


03183916027E-2 
215296O0O77E-2 
35447960087E-2 
35261 157434E-2 
02765780329E-2 
21835543908E-2 
7  >=  100096.320583 
7  >=  100085.387609 
7  .>  =  214115 
7  )=  21 .4375 


3  03943295154E-2 
2.21747806086E-2 
1 . 35141459287E-2 
1 . 35100741307E-2 
3  03856715851E-2 
2.21814638604E-2 
,  3  >=  100070.983083 
,  8  )=  100058.521826 
,  3  >=  21 . 5225 


02= 

1106.30395691 

; 

VI  <1 

,  5  )=  2 . 21220833333E-3 

i 

VI  (2 

..  5  >=  1 . 70330555556E-3 

G9<  1 

,  5  >=  1.40000241921 

G9<;2 

>  5  >=  1 .40000109154 

i 


)=  21 


'=  4 .00988381666E-3 
•=  234.828428378 
■=  235.545019298 
)=  4660.20006043 
.>=  4660.50076273 


1130  . 

I  6 
,  6 
..  6 
.•  6 
6  ) 
6  ) 
6  ) 
6  ) 
t  6 

.«  6  I 
1130 


. 1859669 

>=  2.32498333333E-3 
)=  .0018008 
>=  1.39994872128 
>=  1.39994754351 
=  3.S4905778394E-3 
=  4.05512738232E-3 
=  229 . 695268876 
=  229.937779421 
)=  4416.5969346 
)=  4416.82232224 


12162035 

2 . 327613S8889E-3 
1 . 7S875555556E-3 
1 . 39989177449 
1 . 3998906927 
3.31214669251E-3 
4 . 00391348678E-.3 
227  735053394 
223  400006821 
=  4171 . 4937225 
=  4171 . 6831117 


1153. 99936942 
,  3  )=  .00231775 
^  3  )=  1 . 78168333333E-; 
,  9  '>=  1  .  39983100342 
,  0  >=  1.39982986271 
3  >=  3 . 30424246814E-3 
3  )=  4 . 00720559425E-3 
3  )=  222.087420882 
3  )=  222 . 256864 186 
..  8  >=  3927 . 16996571 
,  8  >=  3927.30577465 


.  •309?6?99243E-2 
. 1 1 154951635E-2 
.6343071 19 13E-3 
.62958614652E-3 
90837891066E-2 
. 1 1270467808E-2 
1  )=  100130  186136 
1  ;>=  100125.452958 
1  >=  20  9405 
1  >=  20.9205 


=  1178.41041527 
<1>  1  )=  1  53903055556E-3 
<2.  1  >=  1 . 21223333333E-3 
<1,  1  )=  1.40016795388 
<2,  1  )=  1.40016879168 
1.  1  >=  3 . 30815482475E-3 
1  >=  4.08551905224E-3 
1  >=  243.562616681 
1  )=  243.839245121 
,  1  >=  5641 .98967503 
..  1  >=  5641 .9592321 


91S15123592E-2 

1  63350303:396-2 
96202464095E-3 
9590900691 lE-3 
917291 61 904E-2 
1639S7762-‘2£-2 

2  >=  100121  786412 
2  100123.919675 
2  >=  20.808 

2  .^=  20.795 


3  250362056:532-2 
1 . 9882S2i0(;61E-2 
1 . 006643S0I-J 1  6E-2 
1 . 00691270  13E-2 
3 . 2512302?-- -i-E-Z 
1  937751 13799E-2 
.  3  )=  100132,386063 
■  3  )=  100131.719418 
-  3  )=  20.714 
.  3  >  =  20 . 725 


1130.44291511 

>  2  .>=  1 . 75589722222E-3 
.  2  >=  1 .37153611111E-3 

>  2  )=  1.40013807529 
,  2  >=  1 . 40013858673 

2  >=  3 . 81422475641E-3 
2  >=  4.01760680383E-3 
2  )=  242  511154852 
2  )=  242.639154503 
,  2  )=  5395.92587741 
,  2  >=  5395.71060223 


1130.37818047 
,  3  )=  001962375 

..  3  >=  1  26023055556E-: 
,  3  )=  1 , 40010394676 
,  3  )=  1 . 40010346822 
3  )=  3 . 37496859914E-3 
3  )=  4 , 069 1 7079863E-3 
3  >=  2^0  797461398 
3  >=  240,664490891 
,  3  >=  5149.22262136 
..  3  >=  5149.09290547 


:  98466906902E-2 
i . 210967320662-2 
012152391997 
. 21356612172E-2 
i  . 98043730465E-2 
;  21410655554E-2 
4  )=  100136.052609 
4  )=  100134  585S51 
4  )=  20.9355 
4  .)=  20.9805 


1130. 31414809 
,  4  >=  2  13141666667E-3 
/  4  ■>=  1  66653883889E-3 
,  4  >=  1  4000541889 
..  4  .>=  1,40005234895 
4  >=  3 . 8S317744898E-3 
4  )=  4 . 09290815325E-3 
4  >=  235.935890517 
4  )=  236  626102632 
,  4  >=  4904  81940533 
..  4  >=  4905.15054914 


2  MAY  DATA  TAPE,  ARRAY  STORAGE  24  to  46 
LONG  TUBE  MOOES  1  TO  23 
A  SIDE  =  1248,  B  SIDE  =  815  w/ET 
A  SIDE  BIAS  ^  115.307  VOLTS,  SIGMA  =  UNK. 
B  SIDE  BIAS  =  118.495  VOLTS,  SIGMA  =  UNK. 


L7=  3 

Ml=  2 

.  09042127291E-2 

M2=  2 

.  89921237497E-2 

M3=  7 

9337301316E-3 

M4=  7 

.  93068766195E-3 

M5=  2 

.  08961962688E-2 

M6=  . 
P5<  I 
P5<2.. 
T5<  I  > 
T5<2, 
C=  2 


029003246071 
44  )=  100002.256846 
44  )=  100006.856859 
44  >=  22.6785 
44  >=  22.679 


82=  2 
y  1  <  1 , 
yi<:2. 

G9(2. 

y<  1 , 
^<2.. 
Q<  1 .. 
Q<.2, 

F2<2, 

Cl=  2 


964 .21 
44  >  = 
44  >  = 
44  )  = 
44 

44  >  = 
44  )  = 
44  >  = 
44  >  = 
44  >  = 
44  >s 


.  . 09761722222E-3 
0014767 
L . 39730470459 
;  . 39730456126 
01254666592E-3 
89088744198E-3 
'5462369633 
'.6161281057 
'34.984958859 
'34.944170726 


08100398667E-2 
895 1 S038063E~2 
3684614715E-3 
35601854107E-3 
07748984903E-2 
90007766632E-2 
45  )=  99964.7915763 
45  )=  99967 .2581613 
45  >=  22.712 
45  >=  22.718 


R2=  : 

vn  <  1 . 

VI  (2; 
G9<1. 
69(2. 

va , 

V<2, 
Q<  1  . 
Q  <:  2  / 
F2<  1 . 
F2(2. 

ci=  : 


84882065 

>=  9 . 0624861 1 1 llE-4 
:■=  1 .22400277778E-3 
>=  1.39633769907 
>=  1.39633770773 
•=  3  56681156282E-3 
'=  3.45683379103E-3 
»=  78.5756676004 
'=  78.8484008156 
>=  490.937688613 
>=  490.991414937 


.08015514549E-2 
8S826893266E-2 
.  73279017359E-3 
73741576655E-3 
.  03183354994E-2 
88594036329E-2 
46  :•=  99987.3908329 
46  .>=  99982.5243263 
46  >=  22.7285 
46  >=  22.733 


fl2=  3247.38802543 
VlCl,  46  >=  5 . 52054166667E-4 
Vl<2,  46  )=  7.48126944444E-4 
G9<1,  46  >=  1  39413835471 
G9(2,  46  .■)=  1.39413747889 
VU..  46  >=  2 . 77909247579E-3 
V<2..  46  )=  2 . 71459457695E-3 
Q< 1 .  46  )=  62 . 4364846 
Q-.;2..  46  >=  62.3277525457 
FaU,  46  >=  244  234526313 
F2«:2,  46  .>=  244.190758033 


2  1 1258578137E-2 
2.S'6091779439E-2 
9 . 19050002337E-3 
9. 17434857798E-3 
2 . 10887310918E-2 
2.96613049169E-2 
,  40  >=  100037.855839 
.  40  >=  100038.589149 
.  40  >=  22.5275 
..  40  )=  22.533 


82  = 

V 1  C  1 
yi  <2 
G9<1 
G9<2 
y(i. 
K}f.2, 
Q<  1 . 
QC2. 
F2<1 
F2<2 
Cl  = 


2229 . 39634934 
,  40  >=  1 . 22211944444E-3 
,  40  ^=  1 . 65974 1 66667E-3 
,  40  >=  1 .39881117756 
,  40  >=  1.39881089802 
40  )=  3 . 94425302151E-3 
40  )=  3 .81518593856E-3 
40  >=  123.133802767 
40  >=  123.614970089 
,  40  >=  1719.05898422 
,  40  >=  1719.03029107 


2  09829232204E-2 
2 . 93904660333E-2 
8. 76362993335E-3 
8.76291585243E-3 
2  09812134832E-2 
2  93928610369E-2 
,  41  )=  100027.456182 
,  41  )=  100022.389632 
,  41  >=  22.568 
..  41  .'■=  22.576 


82  = 
y  1  (  1 

VI  <2 
G9<  1 
69(2 
VK  1 , 
VC2. 
Q<  1.. 
QiZt 
F2(  1 
F2(2 
Cl  = 


2396 . 39616034 
,  41  >=  1 . 17913055556E-3 
,  41  >=  1 . 60018055556E-3 
..  41  >=  1  39858141163 
..  41  >=  1.39858111401 
41  .•>=  3. 95492398362E-3 
41  >=  3 .33134226245E-3 
41  )=  116.780092196 
41  .->=  116.810795597 
,  41  )=  1472.94567161 
..  41  >=  1473.01791456  . 


09563323338E-2 

91920329207E-2 

54489853636E-3 

54304760576E-3 

09522928249E-2 

91983576456E-2 

42  >=  100014.856596 

42  >=  100010.0.567.54 

42  >=  22.604 

42  ;•=  22.61 


^90. 96042749 
42  >=  1 . 15738722222E-3 
42  >=  1 . 56031388839E-3 
42  )=  1.3982863133 
42  >=  1.39828598802 
^2  >=  3 . 95485164688E-3 
^2  >=  3 . 8267553931 lE-3 
^2  •>=  113.2720568 
^2  >=  1  13 . 323541936 
42  >=  1226.67383845 
42  )=  1226.64062342 


09074443563E-2 
91058156694E-2 
.  21422216433E-3 
213058913986-3 
09044835662E-2 
91099380494E-2 
43  )=  100013.7898 
43  >=  100022  856333 
43  >=  22.642 
43  >=  22.6495 


J925S42 

1  12335194444E-3 
1 . 51391666667E-3 
1 . 39788845262 
1 . 39788821132 
3 . 9809862524E-3 
3 . 35333240762E-3 
105 . 60805642 
105  639864703 
=  981  203892849 
=  981.261 179811 


>2142981727 
04908169926E-2 
.  03901462196E-2 
09216504233E-2 
14918117845E-2 
04028642683E-2 
36  )=  100112.720043 
36  >=  100098.853833 
36  )=  22.431 
36  >=  22.45 


579729615 
[89246009E-2 
'47261267E-2 
'65067982E-2 
534348499E-2 
:37057157E-2 
)=  100079.054484 
>=  100087.987524 
>=  22.4095 
>=  22.392 


. 13S97679752E-2 
. 00621730156E-2 
92684844121E-3 
927990041 18E-3 
, 1392227S253E-2 
. 00587162257E-2 
38  )=  100081.454405 
38  >=  100072  988017 
33  ;■=  22.4405 
38  >=  22.4475 


fl2  = 

vn  <  1 

Vl<2 
G9<1 
G9<2 
VCl , 
V<2, 
Q<1. 
0(2, 
F2(l 
F2<2 
Cl  = 

02  = 

VlCl 

yi(2 

G9<:i 

G9«:2 

y(  1 , 
y<:2. 

QU.. 
QC2, 
F2<  1 
F2<2 
r  1  = 


1440.8923621 

,  36  )=  1 . 43269166667E-3 
,  36  >=  1 .95700833333E-3 
,  36  )=  1.39939098723 
,  36  >=  1.3993900961 
36  >=  3.99975623851E-3 
36  )=  3.85103469993E-3 
36  )=  185.671412738 
36  >=  134.625819045 
,  36  )=  2703.3984521 
,  36  >=  2703.37405933 


1680.01566161 
,  Z7  ->=  1 . 35546388889E-3 
.  37  >=  1 . 84958333333E-3 
>  37  >=  1.39928075872 
,  37  >=  1.39928155952 
37  >=  3. 97266459027E-3 
37  >=  3 .34862730931E-3 
37  >=  160.124713248 
37  )=  160.053685161 
,  37  )=  2456.35723168 
.  37  >=  2456.33937859 


1751 . 53678314 
..  38  >=  1 . 30481944444E-3 
..  38  >=  1 . 76941666667E-3 
,  33  )=  1.39915115823 
..  33  >=  1.39915033247 
38  >=  3 . 95102208304E-3 
38  >=  3  812631 18659E-3 
33  >=  152.967705481 
38  )=  152  945337891 
,  33  ,■>=  2211.41355737 
,  38  >=  221 1 .41117555 


021256024143 
2.98595S38279E-2 
9. 45765105991E-3 
9 . 45617172699E-3 
2. 12526993495E-2 
2 . 98642550909E-2 
,  39  )=  100058.655155 
.  39  >=  100059.3218 
,  39  '•=  22  489 
.  39  ,‘=  22.494 


2014  42906637 
,  39  )=  1 . 24700555556E-3 
..  39  .>=  1 . 69603055556E-3 
..  39  .>=  1.39899690558 
.  39  )=  1.39899672177 
39  >=  3 . 93764707274E-3 
39  >=  3 .81ie203l435E-3 
39  >=  134.302430612 
39  >=  134  348475149 
,  39  >=  1965.52773357 
..  39  .'-=  1965 . 59939715 


L7=  15 

ni=  2 . 16479012927E-2 
112=  3 . 09436742726E-2 
M3=  1 . 31307099314E-2 
114=  1 . 31321628027E-2 
M5=  2  16502965641E-2 
ri6=  3.09402508323E-2 
P5(l>  32  )=  100076.45457 
P5<2,  32  >=  100075.987918 
T5<1>  32  >=  22.3485 
T5(2.  32  >=  22.3555 
C=  2 

L7=  14 

Ml=  2 . 16449638636E-2 
112=  3 . 08150201742E-2 
M3=  1 . 25957931979E-2 
M4=  1 . 25998528341E-2 
M5=  2. 16519400561E-2 
M6=  3  08050916638E-2 
P5<l/  33  ^=  100088.920826 
P5<2.  33  >=  100088.720833 
T5<1.  33  )=  22.378 
T5<2,  33  )=  22.381 
C=  2 


82=  1177.87549672 
Vn<l,  32  >=  .001679775 
Vl<2,  32  >=  2 .31394444444E-3 
G9<1.  32  )=  1.3997206294 
G9C2.  32  >=  1.39972031649 
V<1,  32  )=  3.95809976105E-3 
V(2,  32  >=  3 .81487681868E-3 
Q<1.  32  )=  218.664849973 
Q<2.  32  >=  218.619873435 
F2<:i.  32  >=  3636.89584035 
F2(2.  32  >=  3686. 93524108 
Cl=  2 

82=  1225.68664151 
Ml  Cl,  33  >=  1 . 61733333333E-3 
Ml <2,  33  >=  2 . 22663888889E-3 
G9<1..  33  )=  1.39965111119 
G9C2,  33  >=  1.39965098525 
MCI,  33  )=  3.95545566692E-3 
MC2,  33  )=  3 . 82631863909E-3 
QC 1,  33  )=  210.9290525 
QC2,  33  >=  210.796278059 
F2C1,  33  >=  3441.14351279 
F2C2..  33  :■=  3441.18734394 
Cl=  2 


L7=  13 

Ml=  2 . 1646S193028E-2 
ri2=  3  06757935254E-2 
ri3=  012026989736 
!14=  1 . 20284190423E-2 
M5=  2 . 16493918446E-2 
M6=  3  06721483992E-2 
P5C1,  34  '■=  100105.52028 
P5C2.  34  :■=  100102  98703 
T5C1..  34  ;•=  22.399 
T5C2..  34  >=  22.4015 
C=  2 


fl2 

= 

1273. 

49220524 

Ml 

C 

1 

,  34 

> 

=  1  56221388889E-3 

Ml 

( 

2 

,  34 

) 

=  2. 13391666667E-3 

G9 

1 

,  34 

> 

=  1.39957416425 

G9 

i' 

,  34 

) 

=  1.39957405381 

M  C 

1 

.« 

34  > 

= 

3  9840772531 7E-3 

wc 

2 

34  > 

= 

3  84073733365E-3 

Q<- 

1 

.. 

34  > 

= 

205 . 325352391 

QC 

/ 

34  ) 

= 

205 . 283309133 

F2 

C 

1 

,  34 

> 

=  3195  03649329 

F2 

< 

,  34 

=  3195.05267226 

Cl 

= 

L7  = 

t>n  = 
M2  = 
“1  = 


12 

■7 


.=  ^ 
iC  1  , 
.<2  . 
:c  1  , 


15625892132E-2 

05959473142E-2 

13938381705E-2 

13976554425E-2 

15698133169E-2 

05857002021E-2 

35  ''=  100106.453533 

35  >=  100103.187024 

35  ■•=  22  425 


R2=  1345 . 22906563 
V.'U1,  35  >=  1  46932222222E-3 
V1C2,  35  >=  2 . 01694444444E-3 
G9C1,  35  ;>=  1.39948803181 
G9(2,  35  '=  1.39948784036 
MCI,  35  >=  3  944259021 llE-3 
MC2.  35  >=  3 . 81702319012E-3 
QCl,  35  >=  193  741630115 
QC2,  35  )=  193.621269909 
F2‘.l,  35  >=  2949.88630225 


L7=  19 

Ml=  2 . 15502298586E-2 
M2=  3.07635884749E-2 
M3=  012844078404 

M4=  1 .28467788478E-2 
1*15=  2. 15547607548E-2 
M6=  3.07571218466E-2 
P5<1.  28  >=  100053.855313 
P5<2..  28  >=  100066.188241 
T5<:i,  28  )=  22.2055 
T5<2,  28  )=  22.225 
C=  2 

L 7=  \  g 

Mi=  2. 17005962135E-2 
1*12=  3.09022219504E-2 
f13=  1 . 34193668548E-2 
M4=  1  34223414692E-2 
M5=  2  17054064931E-2 
M6=  3 . 08953735033E-2 
P5<1.  29  )=  100082.72103 
P5<2-  29  >=  100075.587932 
T5<1.  29  >=  22.2765 
T5<2,  29  )=  22.28 
C=  2 

L7=  17 

Ml=  2 . 16484526223E-2 
M2=  3.09997457473E-2 
M3=  1 . 35907287716E-2 
M4=  1 , 35914622803E-2 
M5=  2. 16496210164E-2 
M6=  3 . 09980727424E-2 
P5<1..  30  >=  100059.92178 
P5(2  30  >=  100055.721918 

TSCl,  30  >=  22.2955 
T5<2.-  30  ■=  22.2985 
C=  2 

L7=  16 

Ml=  2  17074127441E-2 
M2=  3 . 10242524661E-2 
M3=  1  35082198357E-2 
(14=  1 . 35127986798E-2 
(15=  2. 17147707659E-2 
(16=  3. 10137399387E-2 
P5<1,  31  >=  100083.521004 
P5<:2.  31  •■=  100075.054616 
T5(l,  31  >=  22.325 
T5<;2,  31  )=  22.3275 
r-  '> 


fl2=  1106.3062692 
V1<1,  28  >=  1 .65452777778E-3 
Vl<2>  28  >=  2.27393888889E-3 
G9<1>  28  >=  1.39994365514 
G9<2.  28  >=  1.39994279627 
y(l,  23  >=  3 .96202131902E-3 
V<2,  28  )=  3 .81529170086E-3 
Q<1,  23  >=  235.50738316 
QC2,  28  .>=  235.389245916 
F2<1,  28  >=  4669  3074373 
F2<2/  28  >=  4669.50046784 
Cl=  2 

fl2=  1130.18803411 
yi<l>  29  )=  1  73523055556E-3 
yi<2,  29  >=  2.38693055556E-3 
G9<1>  29  >=  1.39989329209 
G9(2,  29  >=  1.39989314313 
y<l.  29  >=  3  99501680731E-3 
V(2  ..  29  )=  3 . 85992996066E-3 
Q<1>  29  )=  229.748996147 
Q(2,  29  >=  229.666704901 
F2(l>  29  >=  4424.63728158 


02=  1130 . 12336889 
VI  <1,  30  :>=  1 .73719722222E-3 
VI  <2..  30  )=  2 .39621388889E-3 
G9<1,  30  >=  1  399340880  7 
G9<2>  30  >=  1.3998407525*1 
V<1.  30  >=  3. 96224269995E-3 
V<2,  30  )=  3 . 31689044923E-3 
Q<1..  30  >=  227.729646924 
Q(2..  30  )=  227.717159974 
F2C1,  30  >=  4173  29834292 
F2>12..  30  .'=  4178  34447102 
Cl=  2 


02=  1154.00083222 

VKl,  31  >=  1  72411388889E-3 

Ul<2.  31  >=  2 . 38127222222E-3 


G9U  .. 

31  ) 

=  1.39973344854 

G9<2, 

31  > 

=  1 .39978334322 

VC  1 .. 

31  )  = 

3 . 95842088945E-3 

V<2, 

31  )  = 

3 . 82665217337E-3 

Q<  1  . 

31  .:>  = 

222 . 041338965 

©<2, 

31  >  = 

221 . 912531889 

F2C  1  .. 

31  > 

=  3932 . 90774768 

F2C2. 

31  > 

=  3932.9494997 

Cl=  2 


. 020752113469 
2 . 95593024368E-2 
8. 7001 1958897E-3 
8 . 70161677855E-3 
2 . 07556846669E-2 
2.95542164991E-2 
.  24  )=  99978.3911289 
.  24  >=  99978.7911158 
.  24  >=  21 . 7425 
..  24  >=  21.74 


82  = 
yi<  1 
VI  (2 
G9<  1 
G9<2 
V<  1 , 
V<;2/ 
Q<.  1 , 
Q(2. 
F2(  1 
F2(2 
Cl  = 


1154, 46104323 
,  24  ).=  1  ,  16439638889E-3 
,  24  .''=  1 .59583055556E-3 
,  24  >=  1 . 40012160888 
,  24  >=  1.40012173892 
24  )=  3  95544252194E-3 
24  )=  3.80648293712E-3 
24  >=  243.650919769 
24  )=  243.571713981 
,  24  .'=  5649.51063903 
,  24  >=  5649.64119488 


.  1 1653942419E-2 
98136061213E-2 
.  90182545478E-3 
90416089633E-3 
1 1703863053E-2 
98065759513E-2 
25  >=  100013.656636 
25  )=  100024  856267 
25  )=  21  807 
25  :■=  21 .829 


82=  1130.44525713 
VM<1.  25  )=  .00131405 
Vl<2,  25  )=  1 . 78586944444E-: 
G9<1.  25  )=  1.40008351037 
G9<2.  25  >=  1.40008254191 
V<1..  25  )=  7  95556670916E-3 
V<2,  25  >=  3 . 81733964396E-3 
Q<1,  25  )=  241.831716762 
Q(:2,  25  )=  241.696810496 
F2<1>  25  >=  5404.49815415 
F2<2.  25  .■>=  5404.63294035 
Cl=  2 


!=  1 130 . 38093167 


2 . 13293121677E-2 

U 1  <  1 

.  26 

> 

3  02639040477E-2 

VI  (2 

.  26 

; 

1 . 101S6940291E-2 

G9<  1 

,  26 

> 

1 . 10232143878E-2 

G9<2 

..  26 

; 

2 , 13375621958E-2 

V<  1  .. 

26  ) 

= 

3 . 02514935385E-2 

v<:2. 

26  > 

.  26  '•=  100039. 139129 

Q<  1  . 

26  > 

.  26  "■=  100044  322293 

Q  2  .• 

26  .> 

.  26  >=  21 . 927 

F2v  1 

,  26 

> 

.  26  >=  21.95 

F2(2 

..  26 

r;i  = 

o 

20 

82  = 

1106 

3i 

2 . 15447612704E-2 

V 1  <  1 

,  27 

> 

3 . 046536086548-2 

y  1  •:  2 

.  27 

>  ; 

1 ,214052245788-2 

G9  C  1 

,  27 

) 

1  21260170217E-2 

G9<2 

,  27 

> 

2 . 15190196962E-2 

V  <  1  .. 

27  > 

= 

3 . 05018042701E-2 

V  i  2 , 

27  > 

= 

■  27  '■=  100031 . 122723 

Q<  1  , 

27  > 

= 

27  '  =  100034.455951 

0(2/ 

27  ) 

= 

.■  27  >=  22.1065 

F2(:  1 

,  27 

> 

.  27  >=  22.1195 

F  2  ■'  2 

,  27 

Cl  = 

00782180602E-3 


5159  33216106 
5159 , 57407125 


942373 

1  565411 1 1 1 1 lE-3 
2 . 14190833333E-3 
1 . 39999191569 
1  39999136104 
3  93293315666E-3 
3  80106406994E-3 
235 . 827172982 
236  394760032 
:  4915.08131044 
=  4915  306462 1 1 


2  MAY  DATA  TAPE,  ARRAY  STORAGE  47  to 
LONG  TUBE  MODES  1  TO  23 
A  SIDE  =  1248,  B  SIDE  =  1082  w/ET 
A  SIDE  BIAS  =  116.333  VOLTS,  SIGMA  = 
B  SIDE  BIAS  =  118.513  VOLTS,  SIGMA  * 


L7=  3 

Ml=  £  09325171977E-2 
M2=  1 .97108282253E-2 
M3=  7 . 924149031 13E-3 
M4=  7.922148e7006E-3 
N5=  2.09272330225E-2 
M6=  1 . 97158052555E-2 
P5<1,  67  )=  99935.7925303 
P5(2..  67  )=  99929.0594184 
T5<1,  67  )=  22.745 
T5<2.  67  )=  22.7285 
C=  2 


fl2=  3298. 
V1<1,  67 
VI <2,  67 
G9<1.  67 
G9<2,  67 
V<1,  67  > 
V<2,  67  .> 
Q<1,  67  > 
Q(.2j  67  y 
F2<1..  67 
F2<2..  67 
Cl=  1 


L7=  2 

Ml=  2 . 08067914419E-2 
M2=  1 . 972987471 16E-2 
M3=  7  35976568207E-3 
ri4=  7 . 35884596944E-3 
M5=  2 . 03041913226E-2 


M6=  1 

97323405623E'2 

P5C  1  . 

63 

>=  99922 . 1929776 

P5<2, 

68 

;•=  99921  6596613 

T5C  1 .. 

63 

>=  22,6505 

T5(2, 

68 

>=  22.6385 

C=  2 

4 

Q  O  —  ^  C*  O  Q 

StuTss 

V.'l<2..  68 
G9<1,  63 
G9(2.  68 
\.M  .  68  > 

V  2  /  68  ) 
Q<1,  68  > 
Q(.2..  68  > 
F2<;l..  63 
F2<2,  68 
Cl=  1 


L7=  1 

Ml=  2 . 09 13592 1231 E-2 
M2=  019539342351 

M3=  5  71965223007E-3 
M4=  5 . 71959394804E-3 
M5=  2  09133733353E-2 
M6=  1  95395416256E-2 
P5*l.  69  >=  99940  7257013 
P5(2.  69  >=  99938  9257605 
T5(l,  69  '>=  22,574 
T5<2..  69  >=  22.5615 
C=  2 


02=  3247 . 
vnci,  69 
VI  <2..  69 
G9<.1..  69 
G9-r.2..  69 
V<1,  69  > 
VC 2,  69  y 
QCl..  69  ) 
QC2,  69  > 
F2C1.  69 
F2<2,  69 
r;l=  1 


69 


.002  VOLTS 
.003  VOLTS 


35294718 

>=  1 . 23136388889E-3 
>=  1 . 17574388889E-3 
>=  1 . 39731598881 
>=  1.39731652428 
=  3 . 06371454356E-3 
=  3 . 10585768612E-3 
=  99.4060016179 
=  98.4520957501 
>=  735.260284804 
>=  735 . 184089101 


86544006 

>=  9 . 10175277778E-4 
>=  8 . 71214722222E-4 
:•=  1.396-35452414 
>=  1.39635539688 
=  2 . 44027993938E-3 
=  2 . 46301089049E-3 
=  79.0573399567 
=  79  0371987842 
>=  491.027635377 
>=  491 . 088014183 


38358845 

>=  5.54873611111E-4 
>=  5 . 3 1 3 1 6666667E-4 
.'=  1  39415879139 
>=  1 . 39415834817 
=  1  89556553516E-3 
=  1 , 94272999665E-3 
=  62  5935503854 
=  62.5790018719 
:■=  244.231190194 
>=  244 . 164968402 


403  - 


L7=  € 
Ml=  2 
112=  1 
M3=  8 
M4=  8 
M5=  2 
M6=  1 
P5<  1  . 
P5(2. 
T5<1  . 
T5<2, 
C=  2 


10956729572E-2 
ii20172984493 
16536170493E-3 
18526417411E-3 
11414819493E-2 
01292740243E-2 
63  )=  99871.9946289 
63  >=  99857.1284513 
63  .''=  22.907 
63  >=  22.917 


10084540478E-2 
.  999262 12535E-2 
.  75087716307E-3 
.  76552059786E-3 
.  10436089153E-2 
.  99592221418E-2 
64  >=  99390.3273592 
64  >=  99890.2606947 
64  )=  22.97 
64  >=  22.9745 


2  09735500571E-2 
019825859598 

3  52313897S02E-3 
3 .5264396101E-3 
2 . 09693707667E-2 
1 . 93298109815E-2 

.  .  65  '=  99934  3925763 
65  ■=  99938.7257671 
.  ,  65  )=  22  9145 
>.  =  22  9 


82 

= 

3090 

.  5 

VI 

C 

1 

..  63 

;r 

VI 

c 

2 

,  63 

) 

G9 

1 

.  63 

> 

G9 

< 

2 

,  63 

)■ 

W< 

1 

> 

63 

)  = 

V< 

2 

> 

63 

)  = 

Q( 

1 

63 

Qt 

2 

» 

63 

>  = 

F2 

< 

1 

>  63 

> 

F2 

< 

2 

..  63 

Cl 

= 

1 

82 

= 

3305 

2 

VI 

c 

1 

,  64 

) 

VI 

..  64 

), 

G9 

c 

T 

.  64 

•) 

G9 

< 

2 

,  64 

V< 

1 

> 

64 

>  = 

VC 

2 

> 

64 

)  = 

Q( 

1 

64 

)  = 

OC 

2 

p 

64 

)  = 

F2 

f’ 

1 

.«  64 

F2 

2 

■  64 

> 

Cl 

S 

1 

82 

- 

3303 

7' 

y  1  <  1  . 

V 1  <  2  , 
G9(;  1  .. 
G9<2.. 

<;  1  .. 

V  (2  >  I 
Q  <:  1 .. 

O  •  2  •  I 
F2<  1  .■ 
F  2  <  2 .. 
Cl=  1 


!379651 

=  1 . 74226944444E-3 
=  1 . 67639444444E-3 
=  1.39880805598 
^  1.3988075591 
3.32643044545E-3 
3 .35851318101E-3 
127.426135131 
126.890724969 
=  1720.19316764 
=  1720.156126 


;i991 

.  . 66404444444E-3 
.  . 6008 1 666667E~3 
.  . 39857741296 
.  .  39857731419 
79539469032E-3 
84312140989E-3 
.9 . 682769732 
.9  292007801 
.474 .01532273 
.474 . 12274979 


56276388889E-3 
494011 1 1 1 1 lE-3 
39828664159 
39828720734 
337506332E-3 
7425216602E-3 
549415323 
.582833933 
27 . 52903 
27 . 44899816 


=  115 
^  1  15 
'=  12 
=  12 


S  '-. ' 


L7=  4 
Ml=  2 
M2=  1 
M3=  8 
114=  8 
M5=  2 
M6=  1 
P5<  1  , 
PS*:  2 
T5''  1  - 
T5';2.. 
C=  2 


09243222331E-2 
97727029432E-2 
201261 1551E-3 
20106015741E-3 
09233094663E-2 
97731375473E-2 
66  >=  99935.7258658 
66  >=  99932.4593066 
66  '■=  22  327 
66  :•=  22.8195 


. 90034744 

;  ..'=  1  33849166667E^3 
>=  1 . 32770833333E-3 
;  >=  1.39739449393 
.  '■=  1.39789493993 
>=  3  3476444188E-3 
>=  3  38745426334E-3 
>=  107.096215965 
>=  107  110572762 
:  '•=  991  .  752270152 
.  :•  =  981.  803971  708 


404 


OJ  CM OJ  C'J  '  ^  CTif'lOJ  CTiiJiCJ  fj  -  -  -  -  •»  C‘J  CM  Cf<  iji  OJ  CJ 


. 02151640578 
2 . 06ie3238964E-2 
.010875330287 
1 . 0S754087834E-2 
2  15165610818E-2 
2 . 06107751313E-2 
,  59  >=  99354. 12855 
,  59  >=  99851 . 1953132 
>  59  >=  22.645 
,  59  >=  22.6565 


>469036 

2 . 02602777778E-3 
1 .95821111111E-3 
1 . 39939490927 
1 . 39939438673 
3 . 83969974569E-3 
3 .87424232253E-3 
192 . 23372262 
192.287879218 
=  2704 . 16353923 
=  2704. 18058459 


. 1441S891302E-2 
. 04225234024E-2 
. 02680885162E-2 
.  02673034967E-2 
. 14402498474E-2 
. 04240848715E-2 
60  >=  99841.8622868 
60  >=  99832 . 3959316 
60  >=  22.706 
60  >=  22.7215 


24542615 

>=  1 . 91 124722222E-3 
>=  1 .84527222222E-3 
>=  1.39923107023 
>=  1.39928039847 
=  3 . 80163020758E-3 
=  3.85330943939E-3 
=  164  784920786 
=  164.831979241 
>=  2457.43052845 


14376144163E-2 

03992076501E-2 

92074149494E-3 

92064193104E-3 

14373992698E-2 

03994123773E-2 

61  '■=  99346.6621289 

61  )=  99853 . 7285632 

61  .:•=  22.732 

61  >=  22.7915 


1 . 8634s5055556E- 
1 . 78963888889E-3 
1 . 39914953117 
1  39<^14909135 
Z  33165798223E-3 
Z . 36720977096E-3 
153 . 135118042 


12 . 53136017 
212 . 58248896 


1294S996459E-2 
02420957708E-2 
44093453698E-3 
43812293439E-3 
12385573166E-2 
02481258606E-2 
62  >=  99361 . 4616421 


22 . 3695 


100145 

001770625 
1 . 70641338839E- 
1 . 39899407955 
1 . 39899368471 
5 . 79748823716E-3 
? . 3489741006E-3 
[33  451673862 
.33 . 549159459 
1966 . 72763274 
1 966 . 8321 3238 


: . 17027163555E-2 
> . 1 159204e764E-2 
L  31234868507E-2 
.  3122442639S'E-2 
^ . 170098951 13E-2 
021160888408 
55  :>=  99831 . 3626158 
55  >=  99828.8627145 
.  55  >=  22.3965 
55  .'•=  22.407 


'i  — 

1584 . 86 

T<  1 

>  55  >  = 

1(2 

>  55  >  = 

,9(1 

,  55  >  = 

9(2 

,  55  )  = 

(  1  .. 

55  >- 

55  > 
55  ) 
55  ) 
55  : 
55  : 


501378 
. 002364425 
2 . 325227777782- 
1 . 39973179225 
1 .3997313369 
3.81250304459E-3 
3 . 845301 13812E-3 
228 . 864767296 
228.913404907 
3636.89442119 
3686 . 97913331 


17042159824E-2 

09655136694E-2 

257660524*842-2 

25787522921E-2 

17079212668E-2 

09619351051E-2 

56  ;>=  99331.3959645 

56  >=  99821 . 0629711 

56  )=  22.4665 

56  >=  22.4825 


13 
MI=  2. 


1695471 1763E-2 
090231 10123E-2 
2021 594 1537E-2 
20219212365E-2 
16960615558E-2 
09017422319E-2 
57  :>=  99829  8626316 
57  >=  99830 . 6626553 
57  >=  22.533 
57  >=  22.55 


1680 . 53145067 
,  56  >=  2 . 29839444444E- 
.  56  )=  2 . 24910833333E- 
,  56  )=  1 . 39966054575 
>  56  >=  1 . 399659846 1 6 
56  3 . 33082670075E-3 

56  )=  3 . 88142364894E-3 
56  )=  213.929041069 
56  .■>=  218.883827991 
,  56  )=  3441  48338037 
56  )=  3441.58956932 

1 


1728 ,31106103 
.  57  >=  2 . 1943611 1 1 1 lE- 
,  57  >=  2 . 13262222222E- 
..  57  ::■=  1.3995815898 
..  57  :■«=  1.39958082715 
57  >=  3 . 81529351381E-3 
57  >=  3 . 848761 101 12E-3 
57  >=  212.725299059 
57  >=  212.715443314 
57  >=  3195  52859466 
57  >=  3195.57831732 


.  16131369459E-2 
07744671271E-2 
1377t655727E-2 
13773808876E-2 
.  1618596073SE-2 
07740739741E-2 
58  ■'=  99834  8625171 
53  ;•=  99839  7956882 


1847  89504013 
.■  58  '=  2  09772222222E- 
..  58  >=  2 . 04271944444E- 
.  53  :■=  1  39949411134 
.  58  >=  1.39949370823 
53  >=  3 . 83032455167E-3 
53  .)=  3  38144925427E-3 
58  >=  201  691102906 
58  )=  201  679656053 
.  58  '•=  2950.56475395 
..  58  >=  2950.65391957 


4=  8 
5=  2 
6=  2 
5<  1  , 
5(2, 
5a  , 


2  06:98723452E-2 
. 02210452049 
8 . 63593313767E-3 
8 . 70728964056E-3 
2  06568135681E-2 
2 . 2075691 1252E-2 
,  47  )=  99923.0596158 
,  47  .)=  99924.7928921 
,  47  :■=  22.336 
,  47  .V=  22.3335 


J05977938 
J14794736E-2 
;73567632E-3 
M75221  16E-3 
)95640O55E-2 
'77275124E-2 
>=  99920.7263592 
>=  99918  5930961 
)=  22  1235 
'■=  22.064 


1  1908814756E-2 
19393126034E-2 
10176263276E-2 
10194203793E-2 
1 1943320861E-2 
19362406275E-2 
49  ..'=  99923 . 2596092 
49  >=  99916.193175 
49  .'•=  21  354 
49  >=  21.317 


2 . 16391899904E-2 
2  .  1731S475738E-2 
012140842154 

1  21267617972E-2 

2  .  16140939129E-2 
2  1757080379SE-2 

,  50  >=  999fl9  9933789 


o  ^  ^  D 


to 

II 

417  9 

y  1  a .. 

47  > 

V  l  (  2 .. 

47  .> 

G9a .. 

47  > 

69(2.. 

47  > 

y<;  1 , 

47  >  = 

47  )  = 

Q  (  1 .. 

47  >  = 

Q<2  / 

47  >  = 

F2a . 

47  :■ 

1 . 51 120555556E-3 
1 . 63200555556E-3 
1 . 40010888515 
:  1.40010895631 
3 . 83638026831E-3 
3 . 87170243498E-3 
259 . 269766168 
258.575489973 


)=  56; 


79993809 


347366 

.'=  1 . 73968838839E-3 
>=  1 . 34296944444E-3 
)=  1.40008279221 
)=  1 . 40008538494 
=  3 . 3633 1 578826E~3 
=  3 . 91 171202009E-3 
=  257.5S4117458 
=  257.477934435 
)=  5407.46763503 
>=  5406.97879158 


554265 

1 . 93764 1 66667E-3 
2 . 02299444444E-3 
1 . 4000565563 
1 . 40005814183 
3  S57S7034215E-3 
3  8909502 1 227E-3 
255  471955729 
255  391129914 
=  5158.75667345 
=  5153  44522435 


:p,461443 

■=  2  1323527777; 
'=  2  17211666661 
■=  1  40001695311 
1  4000158277' 
=  3  82129  ■58348E 
3  37146493038E 

249  90262013 

250  476587327 
'=  4912  3955108: 
'=  4912.6306804: 


2  MAY  DATA  TAPE,  ARRAY  STORAGE  70  to  92 
LONG  TUBE  MODES  1  TO  23 
A  SIDE  =  1082  w/ET,  B  SIDE  =  815 
A  SIDE  BIAS  =  116.355  VOLTS,  SIGMA  =  .004  VOLTS 
B  SIDE  BIAS  =  118.530  VOLTS,  SIGMA  *  .002  VOLTS 


93556544347E-2 

97471fc00458E-2 

96027427819E-3 

95798672267E-3 

93500922324E-2 

97557109874E-2 

90  )=  100122 . 319728 

90  >=  100117.719879 

90  >=  22.924 

90  .■)=  22.946 


02=  3083.55756811 
VM<1,  90  >=  .0010720775 
Vl<2.  90  >=  1 . 58916666667E-3 
G9<1,  90  :■=  1.39723271782 
G9<2,  90  >=  1.39723154199 
V(l.  90  >=  4. 00745340315E-3 
V<2,  90  >=  3 .86410817764E-3 
Q'l,  90  )=  98.0261805388 
Q<2,  90  >=  93.0847719863 
F2<1,  90  >=  735.446701476 
F2<2..  90  >=  735.428994565 
Cl=  3 


,  9342S136644E-2 
95718797566E-2 
36633610694E-3 
36027359172E-3 
.  93255877202E-2 
959S2464275E-2 
91  >=  100113.986668 
91  >=  100108 . 586846 
91  )=  23  0475 
91  >=  23,065 


il61 

J. 50616388889E-4 
L . 25169722222E-3 
I  . 39626185748 
L .39626130193 
41758023771E-3 
28653332864E-3 
;  S841S18133 
> . 0394545003 
F?1 . 323505933 
(91 . 337215374 


[  .  93485020825E-2 
> . 94815927542E-2 
5 . 75217503748E-3 
5 . 75164188301E-3 
019346708719 
> . 94843255814E-2 
.  92  .'»=  100091  987392 
92  >=  100082  454372 
,  92  ■-=  23 . 1545 
92  ;■=  23 . 1665 


02=  3247 . 42718462 
vna,  92  '•=  5  18435277778E-4 
VI  <2..  92  ;•=  7  68546388889E-4 
G9<!..  92  '>=  1  39405957027 
G9<2,  92  >=  1.39405835222 
V^l,  92  >=  2 . 65737993425E-3 
W(.2.  92  )=  2 . 58514758487E-3 
Q(l..  92  )=  62.4738822122 
Q''2,  92  62.481341567 

F2'.l,  92  '=  244.457994698 
F2<2,  92  .>=  244.41836835 


L7=  7 

rii=  1 
ri2=  3 
M3=  9 
M4=  9 
M5=  1 
M6=  3 
P5<1> 
P5<2, 
T5<  1 , 
T5<2, 
C=  2 

L7=  6 
Ml=  1 
M2=  2 
M3=  8 
M4=  8 
M5=  1 
M6= 
P5<1  , 
P5<2, 
T5<  1  , 


96978973024E-2 
.  02514702548E-2 
.  21538579981E-3 
.21872129507E-3 
97050269274E-2 
.  02405247416E-2 
86  )=  100110.453451 
86  >=  100108.653511 
36  >=  22.946 
36  )=  22.957 


96552420912E-2 

98502466619E-2 

77073443167E-3 

76899329938E-3 

96513402086E-2 


)=  100105 
>=  100106. 
:•=  23.009 


986932 

386918 


R2  = 

7 

1  1 

^  ■ 
.  ^ 

•.}  1  (.  1 

.  36 

VI  r2 

,  86 

> 

G9<  1 

,  86 

> 

G9<2 

,  86 

> 

V<  1 , 

86 

>  = 

V  (  2 , 

86 

>  = 

Q<  1 . 

36 

>  = 

0<2, 

86 

>  = 

F2<  1 

,  86 

> 

F2(2 

..  36 

Cl  = 

3 

fi2= 

2444 

' 

.  ^  ‘ 

V 1  (  1 

,  37 

> 

Vl(2 

..  87 

> 

G9<;  1 

,  87 

> 

G9<2 

..  87 

>  ; 

V<1.. 

87 

>  = 

VC2, 

87 

)  = 

Q<  1  , 

87 

)  = 

OXZ. 

87 

)  = 

F2<  1 

,  37 

) 

T5< 

87  >=  22.997 

F2«:2 

,  87 

c.= 

Cl  = 

3 

L7  = 

5 

02= 

2562 

*r  o 

.  DO 

Ml  = 

019421695536 

V 1  <  1 

,  88 

>  s 

M2  = 

. 00032 L58099E- 

2 

V 1  <  2 

..  83 

>  a 

M3= 

3 

.58559374512E- 

3 

G9<  1 

,  88 

>3S 

M4  = 

8 

. 60080623524E- 

3 

G9<;2 

,  88 

>  == 

M5  = 

1 

.  94561082697E- 

2 

V<  1 , 

S3 

'>  = 

M6  = 

.  99501480965E- 

2 

V  <  2 . 

88 

>  = 

P5< 

iT 

83  >=  100118. 

519853 

Q<  1 . 

S3 

>  = 

P5t 

S3  :■=  100117. 

786543 

Q  v  2 » 

38 

J5<. 

T, 

33  )=  22.942 

F2<  1 

,  88 

T5< 

33  ;■=  22.9235 

F2(2 

..  88 

>  * 

c= 

Cl  = 

7 

L7  = 

A 

P2= 

2800 

.  i€ 

Ml  = 

1 

. 94442159163E- 

2 

V  1  <  1 

.  39 

>  = 

ri2= 

£ 

.  9690306024SE- 

2 

V 1  2 

,  89 

>  = 

M3  = 

8 

21252180702E- 

3 

G9<  1 

,  89 

>  = 

M4  = 

8 

.20980148087E- 

3 

G9<2 

,  89 

>  3 

M5  = 

1 

. 94377751396E- 

, 

V  <;  1 .. 

89 

>  = 

Me= 

. 97001439333E- 

2 

V<2, 

89 

>  = 

P5< 

1  .. 

89  )=  100104. 

786971 

Q  <  1  . 

39 

>  = 

P5< 

2  , 

39  >=  100102. 

320336 

0  <  2  - 

89 

.)  - 

T5-; 

1  ■ 

39  -'=  22.371 

F2<:  1 

,  39 

>  = 

T5< 

w  f 

89  >=  22.8675 

F2<  2 

.  89 

>  = 

c  = 

01=*’ 

3 

^7*^  1 3 

*  1 '202608-33333E-3 
.001772925 
1 . 39873064618 
1 .39873006764 
3. 94639007509E-3 
3 .78962914126E-3 
126.261842163 
126. 171562957 
=  1720.59732656 
»  1720.58029431 


J454976 

00115996 
1 . 69825555556E-3 
1 .39849976534 
1 . 39850045383 
3 . 94858234415E-3 
3 .S0579577883E-3 
119.499711957 
119.552205302 
=  1474.34880869 
:  1474.41750862 


177879 

1  .  13337027778E-3 
. 001679175 
1 . 39820981482 
1 .39821066773 
3 . 95367037799E-3 
3 . 79350557263E-3 
115.  U2705742 
114. 730068237 
1227. 71971513 
1227 . 65065055 


569539 

I . 10007472222E-: 
.0016188 
1 . 39781728946 
1 . 39781752694 
3 . 978361 13687E-3 
3 . 33272001767E-3 
106 . 848828971 
106 . 925637415 
981 . 878326346 
931 . 909786003 


-  410  - 


«*r-*"-  V 


T^"  ^  A'  %!.’\L"4L'*l -■^V'liL*W*r»  \"* 


k  H.»  f 


1 


i> 

p . 


. 01687600206E-2 
. 10667020687E-2 
.09437869724E-2 
.09453907941E-2 
.01717157703E-2 
031062149883 
82  )=  100155.451971 
82  >=  100152.052083 
2  )=  22.7365 
32  >=  22  741 


1>  8 


82= 

W1<1 

U1  <2 

G9<1 

G9<2 

V<  1, 

Wi2, 

Q<1, 

Q<2> 

F2<1 

F2<2 

Cl  = 


1464  . 
,  82 
,  82 
.  82 
,  82 


22i 
>  = 

>  = 

)  = 


39846944444E-3 
06561 66666  7E- -3 
39931603914 
39931581967 


32 

)  = 

3.9693263518E-3 

82 

>  = 

3.80681083701E-3 

32 

)  = 

137.556769771 

82 

)  = 

187.509729907 

82 

> 

=  2705. 1861243 

82  >=  2705.20814995 


10 


00759321761E-2 

)30679271764 

02987880022E-2 


0 
1  . 

1 . 02979722565E-2 
2 
3 
1 , 


1 .. 
■?  . 


00743420031E-2 
06817019982E-2 
33  :•=  100132.852714 
83  >=  100123.25303 
33  )=  22.748 
33  .^=  22.732 


82= 

V 1  <  1 
VI  <2 
G9<1 
G9<2 
V<1, 
\><2, 
Q<  1 .. 
Q<2. 
F2K1 
F2<2 


1703 
,  33 
,  83 
,  33 
,  83 
83 
83 
33 
83 
,  33 
,  83 


9495352 


>  = 


>  = 
)  = 
>  = 
>  = 


31928333333E-3 
94187777778E-3 
39920438482 
39920520641 
3  93035161764E-3 
3.78539751984E-3 
162.429681804 
162.472079502 
=  2458 . 18108338 
=  2453. 19897652 


1  , 


1 . 


99353434123E-2 
07949952073E-2 
34  )=  100129.986142 
:•=  100126.252932 
>=  22.784 
>=  22.802 


34 

34 

34 


V<  1  , 
VC  2/ 
Q<  1 .. 
Q  C  2  .■ 
F2C1 
F2C2. 
Cl=  ; 


4 

84 

34 

84 

34 

84 


=  1 
=  1 


96930196157E-3 
S100903458E-3 
55 . 891537983 
55 . 369763412 
2213 . 10233765 
2213.1 1783407 


9 

i 


9 

9 

1 


1  , 


1  . 


99120653301E-2 
036556741086-2 
44583570269E-3 
450ei696627E-3 
99221449073E-2 
130350204839 
35  :>=  100120.986433 
35  >=  100117.719879 
35  >=  22  873 
85  >=  22.3805 


fi2=  2062 


V 1  C  1 , 
VI  C2, 
G9C  1  , 
G9C2  . 
V  <  1  , 
VC2- 
Q'  1  . 

Q  C  2  . 
F2C  1  , 
F2<2.. 


85 

85 

85 

35 

35  > 
35  ) 
35  ) 
85  > 
35 
85 


>  = 
>  = 


984 

1  . 
1  . 
1  . 
1  . 
Q 


'■  = 


137 
1  36 
19 
19 


196 

22559722222E-3 
79825833333E-3 
39891808545 
39891775901 
3793920573E-3 
9077506001E-3 
097542682 
. 969253434 
67 . 10953046 
67 . 19421295 


0 

II 

• 

3 

02=  1 

799 

7949473 

1 

99335032367E-2 

V 1  C  1 , 

84 

>=  1283563883898-3 

■7 

07978380696E-2 

V 1  <  2  . 

84 

>=  1 . 90342222222E-3 

9 

95826071926E-3 

G9<1.. 

34 

>=  1.39907448705 

*• 

9 

9591S002327E-3 

G9<2 .. 

34 

::■=  1.399073579 

L7=  1' 

C| 

R2= 

12C 

il 

.81 

Ml=  2 

'06420535022E- 

2 

W1  ( 

1 

P  i 

’8 

>  = 

M2=  3 

13197261019E- 

2 

U1  < 

2 

p  7 

'8 

>  = 

ri3=  1 

.  31093950698E- 

2 

G9( 

1 

p  7 

'8 

>  = 

M4=  1 

.  31126939855E- 

2 

G9< 

2 

^  7 

'8 

>  = 

M5=  2 

.06472479749E- 

2 

W<  1 

7? 

i 

>  = 

M6=  3 

.  131 18466274E- 

2 

y<2 

> 

7S 

i 

>  = 

P5<1, 

78  )=  100122. 

453057 

Q<  1 

f 

7S 

>  = 

P5<2, 

73  )=  100124. 

58632 

Q<2 

> 

7e 

! 

>  = 

Tsa . 

78  >=  22.317 

F2< 

1 

>  7 

’8 

>  = 

T5<2, 

78  >=  22.824 

F2< 

2 

..  7 

'8 

>  = 

C=  2 

Cl  = 

3 

L7=  1 

4 

fl2= 

127 

’3 

.56 

r«11=  2 

. 05748373205E- 

2 

yi  < 

1 

>  7 

’9 

■j  = 

M2=  3 

.  12362557395E- 

2 

VI  < 

2 

.  7 

'9 

)  = 

M3=  1 

. 26046258608E- 

2 

G9< 

T 

..  7 

'9 

>  = 

M4=  1 

.  26067939628E- 

G9< 

2 

,  7 

’9 

>  = 

M5=  2 

. 05783763662E- 

2 

1 

t  ^ 

> 

>  = 

M6=  1 

031230883764 

V(2 

* 

7S 

>  = 

P5<:i, 

79  >=  100138. 

919182 

Q<  1 

7S 

I 

>  = 

P5<2, 

79  )=  100145. 

252307 

Q(;2 

* 

79 

1 

>  = 

T5<  1  , 

79  >=  22.844 

F2< 

1 

>  7 

’9 

)  S 

T5<2. 

79  >=  22.8435 

F2( 

..  7 

'9 

>  = 

C=  2 

Cl  = 

3 

II 

r- 

_i 

7 

fl2= 

129 

'7 

.  43 

Ml=  2 

'04170092971E- 

2 

V 1  < 

1 

>  c 

»0 

>  = 

N2=  . 

03128980935 

VI  < 

2 

,  £ 

10 

)  = 

ri3=  1 

.20384964394E- 

2 

G9< 

T 

.  £ 

(0 

>  = 

M4=  1 

. 203623406598- 

2 

G9r 

2 

S 

:0 

>  = 

M5=  2 

04131723645E- 

•2 

v<.  1 

3C 

1 

>  = 

116=  3 

1295691 1941E- 

2 

V  (.  2 

* 

80 

1 

)  = 

P5<  1 . 

30  )=  100142. 

119076 

Q<;  1 

.. 

30 

1 

>  = 

P5<2  . 

80  >=  100145. 

385636 

Q<2 

80 

1 

)  = 

T5C1> 

30  :•=  22.7335 

F2': 

1 

P  *1 

!0 

;>  = 

T5<2. 

80  .>=  22.7745 

F2< 

..  8 

10 

N  = 

C=  2 

Cl  = 

3 

L7=  1 

fl2  = 

136 

3 

.  16 

rii=  2 

'’0381  ri94559E- 

•2 

V 1  ( 

1 

P 

tl 

)  = 

M2=  3 

. 10306964452E- 

.2 

VI  < 

•  ? 

:l 

)  = 

M3=  1 

13965909515E- 

■2 

G9< 

1 

p  c 

tl 

>  = 

M4=  1 

13998393782E- 

.2 

G9( 

,  S 

;l 

>  = 

ri5=  2 

. 03369296315E- 

■2 

V  C  1 

. 

81 

)  = 

t16  = 

031021852772 

V(  2 

p 

81 

>  = 

P5U  , 

31  >=  100162. 

313412 

Q(  1 

p 

31 

>  = 

P5  r  2 

81  >=  100162. 

935057 

0(2 

. 

81 

>  = 

T5<;  1  .. 

31  •=  22.7155 

F2( 

1 

,  £ 

11 

)  = 

T5<2.. 

81  >=  22.7285 

1 

F2< 

..  8 

ii 

^1  = 

C=  2 

Cl  = 

-7 

■J 

70748S 

1  656&4166667E-7 
2.40793055556E-3 
1 . 39963791204 
1 .39963756398 
3  9568957612E-3 
3 .79152745744E-3 
220 . 907885602 
220.794256901 
3690.55020761 
3690.58630459 


603318 

1  59973888889E-3 
2 . 33685833333E-3 
1 . 39956842594 
1 . 39956846152 
3.96384798627E-3 
3 .81451068682E-3 
210.030062814 
209 , 94663801 
3444.55745679 
3444.59180294 


1 . 5275S333333E-3 
2 . 24641 338889E-3 
1  39949522376 
I . 39949591756 
3  971 15840122E-3 
3  80986553293E-3 
207 . 71685601 
207 . 783  1 6502'1 
3197 . 87334292 
3197  79836135 


i  0  3  S  8 

.  44987222222E-3 
; . 12444722222E-3 
,  . 39941391436 
,  39941324551 
94659445156E-3 
79926004172E-3 
»7 . 662201775 
‘7 . 546753043 
^952 . 03816732 
!952 . 064663 1 4 


412  “ 


1 184501 1012E-2 

06734514896E-2 

27979055436E-2 

27999662966E-2 

11879122862E-2 

06685131636E-2 

74  >=  100064.588293 

74  )=  100062.655024 

74  >=  22.6575 

74  >=  22.67 


82=  1 
UKl, 
yi  (2. 
G9<  1 , 
G9<2.. 

y<  1. 
W<2> 
Q<  1, 
0(2, 
F2<1, 
F2<2, 
Cl=  3 


130.2 
74  ) 
74  > 
74  > 
74  > 
74  )  = 
74  )  = 
74  )  = 
74  >  = 
74  ) 
74  > 


=  1 . 67170555556E-3 
=  2.31657777778E-3 
=  1.39986234515 
=  1.39986172985 
4.00602455314E-3 
3.83465437506E-3 
236.681903767 
236.615388286 
=  4674.07117852 
=  4674. 17020793 


10334323641E-2 
1 102461391 lE-2 
34006577781E-2 
34053818095E-2 
10408471 192E-2 
10915014419E-2 
75  >=  100081.52107 
75  >=  100083.854326 
75  >=  22.7055 
75  >=  22.71 


2  09280506931E-2 
3. 11757582403E-2 

1  35339078636E-2 
.013537772346 

2  09340272779E-2 

3  1 1668576805E-2 

,  76  >=  100093.320682 
,  76  >=  100093.254017 
,  76  >=  22.748 
..  76  >=  22.752 


82= 

V 1  •'  1 
yi  (2 
G9<1 
G9(2 

y<  1.. 

V<2, 
0<  1  , 
Q<2. 
F2<1 
F2<2 
Cl  = 

82= 
y  1  <  1 
y  1  ( 2 

G9U 

G9<2 

y  <  1 .. 
y(2/ 

Q<  1  . 
Q  •;  2 , 
F2  (  1 
F2<2 
Cl  = 


1130. 
.  75 

7=! 


18912527 

•=  1 . 70146388889E-3 
•=  2 . 41638888889E-3 
>=  1.39981276825 
•=  1.39981255398 
3  94764703575E-3 
3 .79272070831E-3 
231 . 69435563 
231 .529467069 
■=  4428.78308986 
'=  4428.85467371 


1154  06773998 
..  76  >=  1  .  73043333333E-3 
..  76  >=  2 . 46839444444E-3 
,  76  >=  1.39975912411 
.  76  )=  1.39975393597 
76  >=  3  93496649815E-3 
76  >=  3  8169821004E-3 
76  >=  229 . 623855366 
76  >=  229.496841829 
76  >=  4132.30022933 
76  )=  4182.37124893 


08362835205E-2 
13137152476E-2 
35031388263E-2 
513506832505 
.  08419831239E-2 
130515196636-2 
77  >=  100093  187183 
77  .•=  100096  737234 
77  '.<=  22  7S6 


1177. 94386655 

1,  77  ;•=  1 . 71229444444E-3 

2,  77  >=  2 . 47325555556E-3 
1 .  77  >=  1  39970117327 

2..  77  :•=  1.39970111074 
..  77  >=  3 . 96971685502E-3 
/  77  )=  3  8 1 640555 1 1 3E-3 
..  77  >=  224.099601883 
..  77  >=  223.983523533 
1,  77  '-=  3936.75521671 

3936 . 81374988 


L7=  23 

Ml=  2  15013131273E-2 
ri2=  2  75934801927E-2 
M3=  8 . 6418667314aE-3 
M4=  8.65948502126E-3 
M5=  2. 15451531539E-2 
M6=  .027537339449 
P5<\.  70  )=  99989.9240829 
P5(2,  70  >=  99994.5905961 
T5a.  70  )=  22.507 
T5':2,  70  >=  22.4905 
C=  2 

L7=  22 

Ml=  2  13002637374E-2 
M2=  .02935519822 
M3=  9 . 90701274673E-3 
M4=  9  90867079672E-3 
145=  2. 1303828.5761E-2 
M6=  2 . 93502861 194E-2 
P5<1,  71  >=  100023  8563 
P5<2,  71  >=  100027.056195 
T5a.  71  .■'=  22.504 
T5<2,  71  ;•=  22.513 
C=  2 

L7=  21 

Ml=  .02133360298 
M2=  2 . 98074495818E-2 
ri3=  1  09294378389E-2 
M4=  1 .09320539565E-2 
M5=  2  13387094337E-2 


82=  1178.41480438 
UUl,  70  >=  1 . 23874166667E-3 
Vl‘;2,  70  >=  1 . 56026944444E-3 
G9<:i,  70  )=  1.40002718932 
G9<:2,  70  >=  1.40002801448 
V<1,  70  )=  3 . 94725478007E-3 
U(2,  70  >=  3.38201423749E-3 
Q<1..  70  >=  245.596253114 
Q<2,  70  >=  244.585024644 
F2<1>  70  >=  5658.03117857 
F2<2,  70  '=  5658.00057826 
Cl=  3 

82=  1130.44721955 
yi<l,  71  >=  1 . 33547777778E-3 
yi<2..  71  >=  1 . 76586944444E-3 
G9(l.  71  )=  1  39999207575 
G9(2,  71  >=  1  39999163522 
V<1,  71  .>=  3. 9564554812E-3 
71  >=  3.79665251817E-3 
Q<1.  71  >=  242.959542151 
Q(2.  71  )=  242.874196919 
F2(l.  71  )=  5412.02774954 
F2<2.  71  >=  5412  10912263 
Cl=  3 

82=  1130.38266996 
'4K1,  72  >=  1  . 46591 666667E-3 
yi(2..  72  >=  1 . 95978333333E-3 
G9<;i,  72  >=  1 . 39995156524 
G9<'2,  72  >=  1  39995107904 
1.  72  >=  3  996983303 12E-3 


VS-::- 

.•  «.1  K.". 


9 


it 


22  NOV  DATA  TAPE.  ARRAY  STORAGE  1  to  23 
LONG  TUBE  MODES  1  TO  23 
A  SIDE  =  1082,  B  SIDE  =  815  w/ET 
A  SIDE  BIAS  =  116.386  VOLTS,  SIGMA  =  .001  VOLTS 
B  SIDE  BIAS  =  118.565  VOLTS,  SIGMA  =  .001  VOLTS 


>1 


y. 

r. 


r 

f 

t 


II 

r- 

_i 

fl2= 

Nl=  . 

018490192035 

•J 1  <  1 

M2=  2 

.  S7264513922E-2 

VI  <2 

M3=  7 

91407066141E-3 

G9<  1 

«4=  7 

91130949367E-3 

G9<2 

M5=  1 

S4837409273E-2 

V<  1  .. 

M6*  2 

.  87364773621E-2 

V(2, 

P5<  1  . 

21  ■>=  100131 .519425 

Q  a  .■ 

P5<2 

21  )=  100135  052642 

Q<;2, 

T5<  1  .. 

21  >=  23  4955 

62  <  1 

T5<2. 

21  >=  23  4765 

F2<2 

C=  2 


L7  = 
Ml  = 
M2  = 
M3  = 
ri4  = 
r'i5  = 
H6  = 
P5'. 
P5< 
T5'. 
T5-; 
r  = 


1 

T , 
? , 


L7  = 
Ml  = 
M2  = 
M7.= 
M4  = 
M5  = 
M6  = 


0183‘i42g729l 
!  &7352f 17€1 lE-2 
'  3295':*20755E-3 
'  328 j1E40203E-3 
L  334 1 200 1 E-2 
^  3738351S668E-2 

22  '=  100144  585662 

22  •=  100152  252076 

2  ''=  23  401 
2  ’=.  23  38 


:33776412599E-2 
S551S091865E-2 
7n875037783E-3 
70fc7876l34SE-3 
3371321 1248E-2 
35616316413E-2 


65'  1  ■ 

23 

100150 

785458 

P5  ■  2  ■ 

o  7 

■  =  100151 

11878 

T5'  1  • 

23 

..=  23  303 

T5'  2 

^-7 

4. 

•=  23  288 

2 


3298 . 36366573 

21  >=  1  07023444444E-3 
21  >=  1 . 6 1 364 1 66667E-3 
21  >=  1 . 39724027461 
21  >=  1.39724101283 
21  >=  3 . 88608709735E-3 
21  >=  3  77006291312E-3 
21  >=  96  3162854603 
21  )=  96 . 3702494275 
21  >*  736 . 004305636 
21  >=  735.929256629 


Cl=  3 
328 


R2 
'..'1 
L'l 
G? 
G9 
u . 

•. 

Q< 

Qv; 

62 

62 

Cl 


<  1  - 
( 2 
<■  1  . 
<  2 
1*^ 
t 

1  . 
2  t 
\  1 

( ■> 


ri'? 

22 
o  o 


Cl  94440357 

2  "^=  7  96608888889E-4 
2  .'=  1  .  2065861  1 1  1  lE-3 
7  '■  =  1  39627978494 
2  '-=  1  39628106952 
>=  3  .  12351855705E-3 
>=  3 . 019S199031SE-3 
>=  78  2673271481 
>=  78.290518953 
2  ’>=  491.503538049 
2  >=  491  546984541 


R2=  3247  42476153 


-  413  - 


,*-V- 

>  •  w  V  . 
t  V  »•  . 


'•.'1<1,  23 

>  = 

4  35953055556E-4 

.  V  ^ 

Ul''2,  23 

7  3S970277778E-4 

• 

G9<1-  23 

1  39408685523 

G9v2'  23 

>  S 

1  39408670-377 

1  ■  23  > 

= 

2  43123706521E-3 

-  2  <  23  ) 

X 

2  37389705775E-3 

Q<1.  23  '> 

= 

62  0844457716 

•  -J 

0^2-  23  "> 

62  1120211497 

»  ••  N 

m 

62'  1  .  23 

>  ■= 

244  463106053 

62 '■.2,  23 

'l  = 

244  40428427 

Cl=  3 

V.'.V.'.'' 

v.V.V^, 


I . S7673471365E-2 
. 0293772S6478 
9 , 13488430655E-3 
9. 1370775279E-3 
1 .S7718530944E-2 
2.93702348915E-2 
..  17  >=  100150.718793 
S  17  >=  100143.452366 
17  >=  23.9415 
17  >=  23.951 

> 


82=  2492.52853095 
yi(;i>  17  >=  1 . 22729 166667E-3 
Ul<2>  17  >=  1 . 35594166667E-3 
G9<1.  17  )=  1.39871668539 
G9<£.  17  )=  1.39871617043 
V<1.  17  .■>=  3 . 9459552328 lE-3 
K}<2,  17  >=  3 . 81297676549E-3 
QO/  17  )=  124.600721288 
Q(2,  17  )=  124.548045966 
F2<1,  17  )=  1722.82113544 

F2<2,  17  >=  1722.79419113 
Cl=  3 


6 

1 . 85977201535E-2 
£ . 91093016012E-2 
8 . 71759746794E-3 
8. 71765511724E-3 
1 . 35973431399E-2 
2.91091091033E-2 
,  18  >=  100131.386096 
13  >=  100125.386293 
.  13  >=  23.885 
18  >=  23.853 


82=  2683.40517341 
yi(;i>  13  >=  1  13424444444E-3 
Wl<2,  18  ;•=  1 . 79613888889E-3 
G9<1>  13  )=  1.39849206743 

G9<2/  18  )=  1.3984934915 

y<l,  13  )=  3.9543349948E-3 
^<^2,  18  >=  3 . 83179982045E-3 
Q<1..  13  >=  118.132917229 
0(2,  IS  )=  113.140610017 
F2a,  IS  >=  1476.20438489 
F2(2,  13  )=  1476.23308369 
Cl=  3 


1 . S5930321325E-2 

2  89317597584E-2 
3 . 52023908346E-3 

3  51759531803E-3 
018587262345 

2 . 89407398e68E-2 
.  19  :>=  100126  986241 

.  19  :»=  100122  919708 

.  19  >=  23.741 

..  19  >=  23.72 


82=  2373.46133034 
'...'1<1..  19  )=  1  17097083333E-3 
VI (2.  19  >=  1 . 76421944444E-3 

G9(;i.  19  1  39820594666 

G9<2.  19  :•=  1.39820689182 

V<;i  .  19  >=  3  97744264303E-3 

V(.2..  19  )=  3  8499141255E-3 

Q(l,  19  >=  111  665500133 
Q';2.  19  >=  11  1.73058365 

F2<1..  19  '=  1229.02266737 

F2<2.  19  •=  1223.92692728 
Cl=  3 


4 

1  34337252746E-2 
. 023816574596 

8 . 17185469296E-3 
8  171855152196-3 
1 . S4337263133E-2 

2  88165729766E-2 

,  20  >=  100132  052741 

20  '•=  100125  319629 

..  20  >=  2  3.626 

..  20  >=  23  6085 


82=  3086  83480011 
VI <1,  20  >=  00112543 


y  1  <  2 .. 

G9<  1 , 
G9(2, 
1 


y(2, 

Q  <  1  , 

Q  (  2 , 
F2(  1 , 


-5  C 


20  )=  1 . 69656666667E-.3 
20  >=  1 . 397815708 
20  >=  1.39731664483 
20  )=  3  9686260884E-3 
20  )=  3  34194785724E-3 
20  >=  104  801488504 
20  )=  104  311063544 
20  '■=  982.831  19229 
20  '=  982.855662565 


Q 


1 . 93925675623E-2 
3. 01776574265E-2 
1 .08789809941E-2 
1 .08826478535E-2 
1 .93991040034E-2 
. 0301674892 
,  13  >=  100087.987524 

.  13  ''=  100088.187517 

,  13  >=  23.7405 
,  13  >=  23.7275 


1534 . 504S743S 

<1,  13  )=  1 . 426661 1 1 1 1 lE-3 
(2.  13  >=  2. 14245833333E-3 
<1,  13  )=  1.39930140678 
<2,  13  )=  1.39930206129 
13  3  95614108389E-3 

13  >=  3.81908636491E-3 
13  )=  185 . 188165891 
13  >=  185.06075121 
.  13  )=  2708.77837607 
.  13  >=  2708.74642759 

7 


10 

. 019219393494 
2  98805415976E-2 
1 , 02430270622E-2 
1  02472129508E-2 
1 . 92277528474E-2 
2 .98603356818E-2 
,  14  >=  100111.120096 
.  14  >-  100109.720142 
,  14  )=  23.7375 

..  14  )=  23.756 


1871 . 47654231 
,  14  >=  1  35820833333E-3 

..  14  >=  2 . 04467222222E-3 
>  14  >=  1.39919053918 
,  14  >=  1.39918961505 
14  )=  3 . 96049157924E-3 
14  )=  3 .8365995058E-3 
14  >=  159.935964903 
14  >=  159.811254993 
,  14  )=  2461 .33417326 
..  14  .'■=  2461.43943212 


91593699701E-2 

98007219558E-2 

S8535926594E-3 

83913596791E-3 

91671899993E-2 

97893409367E-2 

15  >=  100132.719336 

15  :■=  100137.052576 

15  >=  23.8065 

15  :■=  23  317 


1966 . 39550823 
,  15  >=  0013133 

,  15  .'•=  1 . 971 73333333E-' 
>  15  >=  1.39905904645 
.•  15  >=  1.39905850773 
15  >=  3  9576044 1272E-3 
15  .'«=  3 . 82162683884E-3 
15  152.92345089 


2216.04980227 
2216 . 05438451 


.  . 89680522037E-2 
: . 9583604642SE-2 
^ . 41446696699E-3 
>  4140105231E-3 
013967132571 
;  95850390215E-2 

16  ;•=  100143.119043 
16  >=  100142  119076 
16  '=  23.387 


547492 

1 . 25795833333E- 
0019013 
1 . 39890312184 
1 . 39890258568 
3 . 95314429473E-3 
3  83069564972E-3 
135  596389132 
135.617477173 
1969 . 70385151 
1969 . 79647325 


'o'O- 

i-kV.S^ 


15 

.  019-315?33121 
3.07320169458E-2 
1 . 30745269158E-2 
1 . 3075e013726E-2 
.019917874453 
3. 072902 15938E-2 
l>  9  )=  100044.988938 
2,  9  )=  100050.455425 
1>  9  >=  23.6125 
2.  9  )=  23.5915 


fl2=  1297.53052161 
VI  C  l  ..  9  )=  .001695675 
Vl<2..  9  >=  2 . 52264166667E-3 
G9<1.  9  )=  1.39963344934 
G9<2,  9  >=  1.39963449481 
VCl..  9  >=  3  98533989236E-3 
V<2.  9  >=  3 . 84264478901E-3 
QCl.  9  )=  217.308486036 
QC2.  9  )=  217.747951908 
F2<1>  9  3694.43735697 

F2C2.  9  >=  3694 . 33526858 
Cl=  3 


14 

1  93239683064E-2 
3 , 06074728796E-2 
1 . 25430576928E-2 
1 . 25467922129E-2 
019829870616 


3 
1  , 
o 

«.  * 
1  , 

2.. 

o 


0598362G448E-2 
10  )=  100063.78832 
10  .>=  100063.654991 
10  )=  23  631 
10  23.6455 


82=  1345.38472406 
V.'1C1..  10  >=  1  6244777777SE-3 
yi<2..  10  >=  2 . 42683888389E-3 
G9<;i,  10  .>=  1  39956435861 

G9C2,  10  >=  1.39956363114 

VC  1,  10  >=  3. 96285828945E-3 

V(2..  10  )=  3  83555416841E-3 

QCl,  10  )=  210.720236843 
QC2.  10  .>=  210 . 598183638 
F2<1,  10  >=  3447  92636748 

F2<2..  10  >=  3447  97513589 
Cl=  3 


1 

3 

02= 

1393  18336868 

1 

'97252013018E-2 

V 1  • :  1 

.■  11  > 

=  1 . 55460833333E 

-3 

3 

. 04329322245E-2 

V 1  (  2 

.  1 1  > 

=  2 . 31283888889E 

1 

. 19860542395E-2 

G9C  1 

,  11 

=  1  39948635829 

1 

. 19893336639E-2 

G9C2 

..  11  > 

=  1  3994859539 

1 

. 973059S1328E-2 

V  C  1  .. 

11  >  = 

3 . 9461 1505278E- 

3 

, 04246079502E-2 

V  <  2 , 

11  >  = 

3 . 806191 07427E- 

“7 

. 

11  >=  100057.588524 

Q  <  1  . 

11  >  = 

204  832612799 

11  -=  100059  3213 

Q  •  2 , 

11  >  = 

204 . 718177213 

11  .1=  23.6725 

F2<  1 

.  11  > 

=  3201 . 3582314 

11  .:■=  23.6805 

F2<2 

1  1  > 

=  3201  37529737 

Cl  = 

3 

02  = 

1512.7 

863495 

1 

'’95499350124E-2 

V 1  C  1 

.  12  > 

=  1  49073055556E 

? 

03700796134E-2 

V 1  C  2 

..  1 2 

=  2  241408.33333E 

*3 

011347551175 

G9C  1 

..  12  '• 

=  1  39939963865 

1 

. 13521423314E-2 

G9<2 

.  1 2  > 

=  1.39939907319 

019557844308 

VC  1  .. 

12  >  = 

3  9881 1 1 17163E- 

3 

03577970166E-2 

V  C  2 .. 

12  >  = 

3 . 36157212046E- 

*7 

12  >=  100090.137451 

Q<  1  , 

12  .)  = 

192  727472404 

12  >=  100087.254214 

•  2  . 

12  >  = 

192.581760643 

12  >=  23.7095 

F2C  1 

.  1 2  > 

=  2955.7326086 

12  >=  23.721 

p  f  '5 

..  12  ;• 

=  2955  80052643 

r  ,■%  , 


L7=  19 

Ml=  2 . 03692925447E-2 
M2=  7 . 065ie5?2031E-2 
M3=  .012786177398 
114=  1 . 27880941362E-2 
t^5=  2.03723452486E-2 
116=  3.06464642807E-2 
P5C1,  5  )=  99995.9238855 
P5<2>  5  )=  99996.6571947 
T5<;i>  5  )=  23.7375 
T5<2>  5  >=  23.725 
C=  2 

L7=  13 

Ml=  2 . 03991088924E-2 
M2=  3 . 07163806483E-2 
M3=  1 .33313056091E-2 
M4=  1  33334838325E-2 
M5=  2 . 04024420121E-2 
M6=  3 . 071 13625542E-2 
P5<1-  6  )=  100006.990188 
P5<2.  6  )=  100013.456642 
T5<1..  6  )=  23.694 
T5<2.'  6  )=  23.687 
C=  2 

L7=  17 

Ml=  .020205247953 
M2=  3 . 0S350100471E-2 
M3=  I . 35144623907E-2 
M4=  1  35201326742E-2 
M5=  2 . 02137254998E-2 
ri6=  3  03220779809E-2 
P5':l.  7  >=  100027  522846 
P5(2..  7  ’=  100020  256418 
T5'l^  7  >=  23  6695 
T  5  2  •  7  >  =  23  67 
C  =  2 

L  7  =  16 

Ml=  2  01079792273E-2 
112=  3  OS154463501E-2 
t13=  013438336569 

M4=  1  34405722555E-2 
ri5=  2  010724903946-2 
116=  3  081043518646-2 
P5'  1 ,  8  J  =  1 00026 . 322886 
P5C2.  3  )=  100030.122761 
TSa  .  8  ■>=  23  64 
T5':2.  3  ’=  23.636 


82=  1178.14760678 
yi(l>  5  >=  1 .65431 11  111 lE-3 
VI <2,  5  >=  2 . 39676944444E-3 
G9(l.  5  >=  1.39984370349 
G9<2,  5  )=  1.39984433396 
V<1,  5  >=  3.96512443203E-3 
V<2.  5  >=  3 . 81822452069E-3 
QCl..  5  )=  234.067884442 
Q(2>  5  >=  233.992532091 
F2(l.  5  >=  4631.51275575 
62(2-  5  )=  4631.44496858 
Cl=  3 

82=  1202.02492049 
VKl-  6  >=  1  72294166667E-3 
Vl(2-  6  >=  2 .507605555566-3 
G9<1-  6  )=  1.39979870169 
G9<2..  6  >=  1.39979904723 
V<1.  6  >=  3.96914508876E-3 
V<2-  6  >=  3 . 83705244536E-3 
Q<1..  6  >=  223.312638555 
Q<;2,  6  >=  223.719549566 
F2(l,  6  >=  4435.15829727 
F2(2..  6  >=  4435.08969699 
Cl=  3 

82=  1225  89920504 
V1<1..  7  >=  1  74390555556E-3 
Vl(2'  7  2 . 56265833333E-3 

G9(l-  7  >=  1  39974839328 
G9(2.  7  )=  1.39974835733 
VU  .  7  >=  3 . 97727941 157E-3 
V<2-  7  )=  3 . 831387S5303E-3 
Q<:i.  7  >=  226  1  19777932 
ri.,2.  7  )=  225  944009412 
F2(l.  7  ''=  -1187.76661976 
F2(2.  7  .>=  4187  71916146 
Cl=  3 

82=  1249  77100725 


w  1 . 

1  ■ 

8  >  = 

1 

71784722222E-3 

VI  < 

8  >  = 

54 7 0666666 76 -3 

G9< 

1  . 

8  >  = 

T 

39969373916 

G9( 

8  >  = 

1 

39969398279 

i-n  1 

. 

3  )  = 

3 

93353981 122E-3 

V(.2.  8  >=  3  81044071731E-3 
Q<'1,  3  >=  220. 841349346 
Ck2.  S  ■>=  220  758519258 
F3( 1 .  8  '=  3941 , 32166031 
F2(2.-  8  .>=  3941  27535516 
Cl=  3 


419 


'■.sn'.v 


L7  = 
Ml  = 
t12  = 
M3  = 
M4  = 
M5  = 
M6  = 
P5< 
P5( 
T5‘: 
T5< 


O2V3202452087 
. 93121739076E-2 
. 66S9679161E“3 
. 62290661663E-3 
. 00951092973E-2 
. 94687573641E-2 
1  >=  100003.5903 
1  >=  99997.5904974 
1  >=  24.206 
1  .)=  24.2125 


02= 

V 1  <  1 
VI  <2 
G9<1 
G9<2 
W(l, 
V(:2> 
Q<  1, 
0<2. 
F2<  1 
F2<2 


1202 . 37070356 
>  1  )  = 

,  1  )  = 

,  1  >  = 

..  1  >  = 


16174972222E-3 
632911 1 1 1 1 lE-3 
39997726256 
39997697904 
>=  3 . 94913075532E-3 
>=  3.30539053327E-3 
>=  239.479942561 
>=  242.078186122 
)=  5673.25498425 
>=  5673.68531491 


c= 

o 

II 

L7  = 

22 

82=  1178 

. 35104516 

Ml  = 

2  0321231533SE-2 

V.'1<1,  2 

>=  1 .30336111111E-3 

N2  = 

2 . 96760667506E-2 

Vl<2>  2 

>=  .001837125 

M3  = 

9  32423789595E-3 

G9<1,  2 

)=  1.39995078599  . 

«4  = 

9  32470330742E-3 

G9<2,  2 

)=  1.39995220091 

M5  = 

2  03221942278E-2 

V<1,  2  > 

=  3 . 93687525446E-3 

M6  = 

2 . 96746609492E-2 

V<2.  2  > 

=  3 . 80005481 106E-3 

P5<:i/  2  >=  99997.8571553 

Q<1.  2  > 

=  240.514195995 

P5C 

2.  2  .■>=  100001.990353 

Q(2.  2  > 

=  240  466870892 

T5( 

1.  2  •>=  24.036 

F2(l,  2 

>=  5425.29679151 

T5< 

2,.  2  )=  24  008 

F2':2,  2 

)=  5424.97292363 

2 

Cl=  3 

L7= 

1 

82=  1178 

28309756 

Ml  = 

. 020362310195 

'..'lU..  3 

>=  1 . 44223S88889E-3 

ri2= 

. 0301 17150659 

VI  <2..  3 

>=  2 . 05318838889E-3 

M3  = 

. 010932702543 

G9U..  3 

>=  1.3999198731 

M4  = 

1 . 093366S9502E-2 

G9<^2.  3 

) =  1  39992 1 03733 

M5  = 

2  03641 1014 lSE-2 

V  <  1  ..  3  > 

=  3  972694445 11 E-3 

M6  = 

3 . 01 144S86538E-2 

V(2/  3  > 

=  3 . S2409279681E-3 

P5< 

1,  3  )=  100009.523433. 

Q<1..  3  ;> 

=  233 . 666453579 

P5f 

2-  3  >=  100006.590201 

Q  <;  2  .•  3  > 

=  238.622672065 

T5C 

1..  3  .^=  23.9 

F2U.  3 

)=  5176.31966623 

TSC 

2  •  3  .>  =  23.877 

F2(2..  3 

>=  5176.63758366 

c= 

Cl=  3 

L7  = 

20 

82=  1178 

. 21543243 

Ml  = 

2 . 049396S4363E-2 

V.’  1  <  1  ,  4 

>=  1 . 57924 166667E-3 

M2  = 

3 . 03077982752E-2 

V 1  <  2  ..  4 

)=  2.260369444446-3 

M3  = 

1 . 20692009327E-2 

G9U..  4 

:'=  1.39988490227 

M4  = 

1  205430893S1E-2 

G9<2,  4 

)=  1.39988603706 

M5  = 

2  0468681 1706E-2 

V  <  1  4  > 

=  3 . 97064137369E-3 

M6  = 

3  03452409096E-2 

V  <  2  .  4  ) 

=  3 . 83819443516E-3 

P5v 

1,  4  >=  99937.3903329 

Q  <  1  ,  4  > 

=  235  279738721 

P5'; 

2.  4  )=  99984.1242737 

Q  (  2  /  4  > 

=  235 . 861822336 

T5< 

1..  4  )=  23.7905 

F2<1,  4 

>=  4929.43453578 

T5'' 

2..  4  >=  23.768 

F2<2.  4 

>=  4929.3345386 

cl 

C:l=  3 

420  - 

N'C-.W-I 


,1'  J- j -•  .‘-V- 


22  NOV  DATA  TAPE,  ARRAY  STORAGE  24  to  33 
SHORT  TUBE  MODES  1  TO  10 
A  SIDE  =  1248,  B  SIDE  =  815  (ET  ALONGSIDE) 


i 


J  u9.. 

i 


L7=  2 

Ml=  2 . 10981 168293E-2 
M2=  2  975<42970407e-2 
fl3=  8 . 66987050134E-3 
(<14=  8  6746893448E-3 
ri5=  2  .  1109843477SE-2 
M6=  2 .97377683449E-2 
P5<1,  32  >=  99337.7290895 
P5<2'  32  ''=  99331.8626158 

T5vl.  32  •=  22.454 

T5<2.-  32  >=  22.442 
C  =  116  4119 

L7=  1 

Ml=  2 . 09635798082E-2 
112=  2 . 95141438499E-2 
M3=  3 . 0216981 1907E-3 
M4=  8.0384i7l5247E-3 
ri5=  2  10122830717E-2 
M6=  2 . 94527626303E-2 
P5<1.  33  >=  99842.9289184 
P5'f2'  33  >=  99340 . 3956684 
T5<1.  33  '-=  22,4235 
T5<2-  33  '•=  22.368 
C=  116  4093 


82=  650  525822711 
'..'1<1>  32  )=  1 . 07700027778E-3 
Wl<2‘  32  )=  I . 4764861111 lE-3 
G9<1>  32  >=  1.39746594949 
■g9<2>  32  >=  1.39746649615 
V<  1..  32  )=  3  99821378266E-3 
V(2.  32  )=  3  87299059521E-3 
Q<1.  32  .>=  75. 9935012485 
Q(2.  32  >=  75.9129065127 
F2<1..  32  ''=  1479.12444311 
F2<2>  32  :■=  1479.11237336 
Cl=  118.5701 

fl2=  1193.11604286 
Ul(l..  33  >=  1  07977027778E-3 
yi<2..  33  >=  00146865 

G9<1-  33  ''=  1.39574304228 
GP<2-  33  >=  1  3957454302 
'■Kl,  33  >=  4 . 04212645632E-3 
V<2,  33  )=  3 . 914171 19562E-3 
Q'l,  33  )=  42.4233685067 
Q<.2,  33  )=  42.2501706309 
F2‘:i.-  33  >=  733.446363436 
F2'2-  33  >=  738.395883437 
Cl=  118.5663 


421 


2 .  18318507746E-2 
3 .09835435S27E-2 
1 . 29018175474E-2 
1 .29074316502E-2 
2. 18913724531E-2 
3.09700722513E-2 
1.  28  )=  99897.7937803 
2,.  28  >=  99898.1937671 

1,  23  )=  23.3805 

2,  £3  >=  23.3765 
116.4156 


2=  337.905559213 
1(1/  23  >=  6 . 23991666667E-4 
1<2>  23  >=  S.60593888389E-4 
9<1,  28  )=  1  39918663613 
9<2.  23  )=  1.39918676211 
<1,  28  )=  3 . 94065472812E-3 
<2,  28  >=  3.80946145986E-3 
<1,  28  >=  1 16 . 077297331 
28  )=  1 15 . 968916996 
,  28  >=  4447.59712346 
,  23  >=  4447.33053342 
118  5793 


.  13328650073E-2 
0951225S393E-2 
.  26379620871E-2 
26937557462E-2 
18923573024E-2 
09370991414E-2 
29  >=  99886.8608066 
29  >=  99879 . 1943921 
29  >=  23  0705 
29  ;•=  23,0205 
;  4165 


S3S439S62 

»  >=  9 . 04697222222E- 
»  )=  1 . 2359611 1 1 1 lE- 
?  >=  1  39897073318 
>  >=  1.39897308592 
.>=  3  96806780887E-3 
>=  3 .33446895976E-3 
>=  117.055024233 
)=  116.945425871 
)  )=  3703.24109935 
»  >=  3702.87523621 


2 .  16050150645E-2 
. 03060352328 
1 . 10406172331E-2 
1  10560594762E-2 


3 . 05657713162E-2 
1.  30  >=  99872.1946224 
2  •  30  99 3' 67. 7281026 

1..  30  >=  22.373 
30  >=  22.337 
116.4152 


^11, 708158823 
..  30  >=  1 . 03213194444E- 
.  30  .>=  1 . 4138861 1  1  1  lE- 
,  30  >=  1 . 39366812869 
,  30  >=  1.39866972148 
30  )=  4  03967404309E-3 
30  >=  3 . 91 1512651 6E-3 
30  >=  115.125197639 
30  )=  114.797913125 
,  30  >=  2961  11506582 
.  30  >=  2960.83359834 
113. 5759 


13757525395E-2 
01654696719E-2 
66670738539E-3 
67420175755E-3 
13923247106E-2 
01421012058E-2 
31  >=  99362 . 6616026 
31  >=  99864.3232145 
31  >=22.6015 
31  '•=  22.599 
5.4137 


?3 , 349921531 
31  >=  1  10347138389E- 

31  ,^=  1  .  50523055556E- 
31  >=  1  39822366634 
31  ;■=  1.39822368234 

;i  >=  4 . 13748587483E-3 
51  )=  4 . 00245412788E-3 
51  )=  102  982393433 
:.l  >=  102 . 814953167 

31  >=  2219  1  1  165701 


•*- 


‘>1  i>J  W  ‘J.J  'jJ  -tx 


L7=  10 

^1=  1  94823237771E-2 
M2=  2 . 35078384285E-2 
M3=  4 . 12023509373E-3 
M4=  4. 11936070008E-3 
M5=  1 .9478689121 lE-2 
M6=  2 .35128283345E-2 
P5<1,  24  )=  99961.1250303 
P5(2,  24  >=  99951.8586634 
T5<1>  24  >=  23.9125 
T5<2,  24  :•=  23.849 
C=  116.4091 

L7=  9 

Ml=  2  06663288792E-2 
112=  2 . 60707303001E-2 
M3=  5 . 61943490022E-3 
114=  5  6171094395E-3 
ri5=  2 . 06577766427E-2 
116=  2  60815734983E-2 
P5a..  25  >=  99929.6593987 
P5<;2.  25  )=  99925.05955 
T5C1.  25  )=  23.709 
T5<2.  25  >=  23.68 
C=  116.4103 


L7=  9 

Ml=  1 , 66143042546E-2 
112=  3 .65432356761E-2 
ri3=  .592417329983 
114=  592055006661 

M5=  1 . 6604 14292 13E-2 
ri6=  3  656559925 11 E-2 
P5<1..  26  >=  99925.7928592 
P5<2.  26  >=  99926 . 2595105 
T5<:i,  26  )=  23.6225 
T5(2,  26  >=  23.602 
C;=  116.4121 


L  7^  s  ^  * 

Ml=  2  13769449594E-2 
M2=  3 . 06977071842E-2 
ri3=  .010932599242 
114=  1 . 09348213698E-2 


M5=  2 . 13312899743E-2 
116=  3.06914689267E-2 


P5-;i.  27  )  = 
P5'.:2,  27  >  = 
TSCl.  27  >= 
T5<2..  27  >  = 
C=  116.4143 


99910 . 3933658 
99917 , 4598 
23 . 529 
23 . 5065 


fi2=  579.865341231 
VKl.  24  >=  2 . 72044166667E-4 
VI <2,  24  >=  3 . 16833888839E-4 
G9<1,  24  )=  1.39970586644 
G9*'2,  24  >=  1.39970899995 
W<1.  24  >=  4.06503781948E-3 
U<2>  24  >=  3 .92286921822E-3 
QM,  24  )=  118.379340747 
Q<2..  24  >=  118.427451996 
F2<1,  24  >=  7431.31692558 
F2(2.  24  >=  7430.50979396 
Cl=  118.5333 


82=  507.893042353 
Vlvl,  25  )=  1 . 69542222222E-4 
Ul(2,  25  >=  2.06661111111E-4 
G9<1..  25  >=  1.39961444381 
G9<2.  25  >=  1.39961586542 
V<1..  25  )=  4  04890436865E-3 
V<;2,  25  .■>=  3 . 91064105803E-3 
Q(l,  25  )=  114.45331137 
Q(.2/  25  )=  114.548477594 
F2<1,  25  >=  6632.97516996 
F2(2..  25  >=  6682.69651431 
Cl=  118.5821 

82=  459.898954401 
Va<l>  26  >=  4  43116666667E-5 
VI  <2,  26  .'•=  9.42152777778E-5 
G9<1..  26  >=  1.39949880373 
G9<2,  26  >=  1.39949979557 
V<1,  26  >=  4 . 06913306825E-3 
y(2,  26  )=  3 .93110463973E-3 
QCl.  26  >=  112.71908269 
Q<2,  26  >=  112.852438793 
F2<1,  26  >=  5936.95169154 
F2<2.  26  >=  5936.7390631 
Cl=  113.581 

82=  411 .921535255 
VI  <1..  27  >=  2 . 77407222222E-4 
VI <2,  27  >=  3 . 844838e9889E-4 
G9<1,  27  .^=  1.39935869064 
G9<2..  27  >=  1  39935978343 
VC  I  ,.  27  >=  3 . 93010175096E-3 
VC2,  27  )=  3 . 3422225963E-3 
QCl,  27  >=  114.009084511 
0C2..  27  )=  113.95145662 
F2C1.  27  >=  5191.70968126 
F2(2..  27  ;•=  5191.56630698 
Cl=  113.5303 


k'vxv:-:----: 


( 


0-^.  >  . 


A  , 


«.  *  *  A  •  * 


t  i 

r  ■  5  ^ 


-  423 


22  NOV  DATA  TAPE,  ARRAY  STORAGE  34  to  43 
SHORT  TUBE  MODES  1  TO  10 
A  SIDE  =  1248,  B  SIDE  =  1082  (ET  ALONGSIDE) 


^V-V 


.  1  106I5-S73513E-2 
.92383915261E-2 
.541A152305E-3 
. 54152515999E-3 
. 11071390003E-2 
92391439279E-2 


99716 . 1997539 
9971 4  9997934 


42  ) 
42  > 
42  > 
42  > 

6.414 


! .  10180220532E-2 
. 8971S549347E-2 
’.9608308125E-3 
■.96091996144E-3 
!  . 10182574224E-2 
.S9716424818E-2 
43  >=  99689.1339776 
43  >=  99681 . 1342408 
43  >=  23 . 1935 
43  >=  23 . 196 
6  4154 


82=  961 . 442532391 
WKl..  42  >=  1 . 59862777778E- 
Wl<2>  42  ;■=  1 . 46917777778E- 
G9<1,  42  >=  1.39738043776 
G9(2.  42  >=  1.39737961015 
'..■<1..  42  >=  3  39704232584E-3 
Kt<2,  42  >=  3  92936S2322E-3 
0<1..  42  )=  77  5559475994 
t?<:2/  42  .^=  77  5580667521 
F2<1.  42  ;•=  1431  16097956 
F2<2..  42  )=  1431.2208753 
Cl=  113  5641 


82= 
y  1  <  1 

VI  <2 
G9<  1 
G9<2 
VK  1 , 
V  c  2 . 
Q  (  1  . 
Q^2  . 
F2<  1 
F2*'2 
Cl  = 


1  366  , 

..  43 
..  43 
,  43 
..  43 

43  : 
43  : 
43  : 
43  : 
..  43 


32641 

L  59363611 1 1 lE- 
l  . 45163055556E- 
l  . 39565757876 
I  . 3956572473 
.  87217073566E-3 
.  90758428727E-3 
3  4852083099 
3 . 4347313162 
r'40 . 17746519 
'40 . 1 26663099 


‘.-i  c^j  >:*j 


L7=  i 
Mi=  ; 
M2=  J 
M3=  : 
M4  = 
M5=  : 
M6=  J 
P5<1. 
P5(2. 
T5<1. 
T5<2 

c=  i: 

L7=  ^ 
Mi=  : 
M2=  2 
M3=  1 
M4=  : 
M5=  2 
M6=  2 
P5<  1  j 
P5<2. 
T5<  1. 
T5<2. 
C=  1] 


20919457451E-2 
13136772985E-2 
22642744075E-2 
)12264727611 
.  20927621 119E-2 
13128897203E-2 
38  >=  99747.73205 
38  )=  99747.3987276 
33  >=  22.7055 
38  >=  22.7395 
5.4061 


2 . 19476186489E-2 
2 , 07267060278E-2 
1 .22862392545E-2 
1 .22849651904E-2 
2 . 19453427147E-2 
2.07288555782E.-2 
.  39  )=  99760.7316224 
.  39  >=  99760.8649513 
,  39  22.8725 

,  39  >=  22.9065 
16.4079 


fl2  = 
'•M  (  1 
yi<2 
G9<1 
G9<2 
W<  1 , 

y<2, 

Q<  1.. 
Q<2, 
F2<;i 
F2<2 
Cl  = 


;  .  16804513138E-2 
L-  01330525736E-2 
.01078367659 
1 .07S40726193E-2 
:■  16812475268E-2 
:  .01323132208E-2 
.  40  >=  99762.7982211 
.  40  :-=  99762.0649118 
.  40  ;•=  22.9975 
40  ;>=  23.0185 
16. 4099 


483 . 68 
1.  38  ) 
S  38  ) 
[>  38  .> 
i,  33  > 
33  >  = 
38 

38  >  = 

38  >  = 
L,  33  > 

33  > 
113.55 

507 . 54 
.  39  .> 
>  39  > 
,  39  > 
,  39  > 

39  >  = 
39  >  = 
39  >  = 

39  .>  = 
,  39  > 
,  39  > 

113.55 

555 . 32 
,  40  > 
..  40  ;> 
,  40  :• 
,  40  > 

40  >  = 
40  >  = 
40  >  = 
40  >  = 

,  40  ) 
.  40 

118.55 


3904774 
=  .000867785 
=  8  44009444444E-4 
=  1  39916292925 
=  1.39916126622 
3.93590663602E-3 
3 .96799928882E-3 
134.062315597 
134.061544924 
=  4439.88330796 
=  4440. 16580913 
72 

1445884 

=  1 .29884 166667E-3 
=  1 . 23526388889E-3 
=  1.39892433635 
=  1.39892264547 
3 . 94185532965E-3 
3 . 96932166216E-3 
132  429168548 
132 . 462968727 
=  3700.30950116 
=  3700.48632302 
71 

7302625 

=  1 . 50028888889E-3 
=  1 . 40485277778E-3 
=  1  39860660948 
=  1.39860557941 
3  9597777402E-3 
3  99301895203E-3 
126  755413494 


1  'I*  .  f  J  T  A  ^  t  ^ 

126 . 75222613 
2960  858921 
2960  977995 


L7=  3  fi 

650  . 

848095167 

Ml=  2  141S8338632E-2 

1< 

1 ,  41 

>=  1  55101 11  111 lE- 

M2=  .019636250164  V 

1  < 

2..  41 

>=  .0014325 

M3=  9  49164994974E-3  G 

9  < 

1  .  41 

>=  1  39814643243 

M4=  9.49128308276E-3  G 

9  < 

2..  41 

>=  1.39814547704 

115=  .021418005992  V 

'<  i 

,  41 

>=  3  35859355462E-3 

M6=  1  96370091649E-2  V 

(2 

41 

>=  3  8S713152386E-3 

PSCl.  41  .’=  99741 . 4655895  Q 

<  1 

<  41 

>=  109 . 426014669 

P5<2>  41  >=  99733.8658395  0 

<2 

,  41 

>=  109.445018978 

T5'.l,  41  >=  23.0755  ^ 

2  < 

1  .  41 

>=  2220.55788819 

T5<2..  41  :•=  23.0945  F 

2  i 

2,  41 

:■=  2220.60112791 

C=  116.4124  C 

1  = 

:  118 

5615 
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